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SEC TION 1
INTRODUCTION AND SUMMARY

This report documents an advanced version of the EPIC-3 computer pro-
gram (Elastic-Plastic Impact Computations i n 3  dimens ions). It is pri-
marily intended for analysis of three-dimensional wave propagation and
pene tration problems resulting from high-velocity impact. It is based on
an exp licit Lagrangian finite-element formulation where the equations of
motion are integrated direc tly rather than through the traditiona l stiffness
matrix approach . This code is an extension of an earlier vers ion of EPIC-
3 (Reference 1) with sign ificant improvements which are summarized later
in this section.

The EPIC-3 code has material descriptions which include strain hardening,
strain rate effects , thermal softening and fracture. Geometry generators
are included to quickly generate fla t plates , spheres and rods with various
nose shapes. It has the capability Lo inc lude sliding surfaces, and it pro-
vides plots of deformed geometry and velocity vectors. In addition, the
finite-element computational approach has several specific advantages when
compared to the more commonly used finite-difference approach :

• The finite-element formulation does not require an orderly
grid and is therefore well-suited to represent complicated
geometrical shapes by use of three-dimens iona l tetrahedron
elements.

• The finite-element formulation allows the use of te trahedron
elements which are well-suited to represent severe distor-
t ions.

1
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• The tetrahedron elements are in a state of constant strain
such that all material in an element behaves uniformly.
This allows for an accurate and convenient selection of con-
slant stresses and pressures within the element.

• The finite-element formulation is well-suited for various
boundary conditions. Free boundaries require no specia l
accommodat ions, and restrained boundaries are simp ly
represented by setting the appropriate nodal displacements
and velocities equal to zero.

Although the advanced EPIC-3 code has many similarities to the earlie”
vers ion (Reference 1), there are many specific extensions and improve-
ments. A summary of these follows :

• The better-structured code consis ts of three separate pro-
grams : Preprocessor , Main Routine , and Postprocessor.
These three programs are connected by a common restart
tape .

• Provided the nodal bandwidth can be core contained, prob-

lems of unlimited size can be run by buffering data between
disk files and core. For smaller prob lems, where all nodes
can be core contained, an option is provided to bypass this
buffering.

• The code is programmed to eventually run on fourth-gener-

at ion vector computers. It is expec ted that it w ill also run
faster on the CDC 6600 and 7600 computers since these
mach ines also have some vectorization characteristics.

• Capability is provided to apply external pressures on the

triangular faces of the tetrahedron elements . Pressures
can also be applied as a function of time.

2 

~ -- - ~~~~ - ~~~~- - --~~~~~ — --~~~~~~~~~~~ - — -  .-~~~- - — ~~~~- - — - -- - -—---- - - - .



• Elastic snapback is included to allow slower problems
to be run more accurately. Internal, energy computations
are also improved to better conserve tota l energy (kinetic
plus internal) under all conditions.

• Reduced input is required for sliding surfaces and geometry
generators.

• Expanded geometry generators inc lude solid and hollow rods
with various nose shapes , solid and hollow spheres , and fla t
plates with variable expans ion factors. There are no limita-
tions on the number of rings in the rods , noses and spheres.

• Expanded sliding-surface capability includes frictiona l
effects. A general search routine is also provided for cases
where the top surface of the target is not a single-valued
function along lines normal to the top of the undeformed
target.

• Expanded plotting capability provides two- and three-dimen-
s iona l plots of geometry and velocity vectors.

The followin g sections of this report present the formulation, a description
of the computer program, user instructions , and example problems.

3



SECTION II 

FORMULATION 

1. COMPUTATIONAL TECHNIQUE 

The EPIC-3 computational technique is shown schematically in Figure 1. 

The first step in the process is to represent the geometry with tetrahedron 

elements having specific material characteristics. Then the distributed 

mass is lumped at the nodes (element corners), and initial velocities are 

assigned to represent the motion at impact. If the problem involves applied 

pressures, there may be no initial velocities, and the initial conditions are 

established by the application of the pressures. 

INITIAL CONDITIONS INTEGRATION LOOP 

Figure 1. EPIC-3 Computational Technique 

4 
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After  the initial conditions are established , the integration ioop begins as
shown in F igure 1. The f i r s t  step is to obtain disp lacements and velocities
of the nodes. If i t is assumed the lines connecting the nodes (element ed ges)
remain stra ight , then the disp lacements and velocities within  the elements
must vary linear ly. From these displacements and velocities , the s trains
and strain rates within  the elements can be obtained. Since the strains
and strain rates are derivatives of linear disp lacement and velocity functions
wi th in  the elements , the resulting strains and strain ra tes are cons tant with-
in the elements .

The stresses in the elements are determined from the strains , strain rates ,
interna l energies and matarial properties . Since the strains and stra in
rates are constant within the elements , the stresses are also cons tant. The
stresses are obtained by combining elastic or plastic deviator stresses with
hydrostatic pressure. The deviator stresses represent the shear strength
capability of the material , and the hydrostatic pressure is obtained from the
volumetric strain and internal energy of the element. An ar t i f icia l viscosity
is also included to damp out localized oscillations caused by representing
continuous media with lumped masses.

After  the element stresses are determined , it is necessary to obtain con-
centrated forces at the nodes. These forces are statically equivalent to
the distributed stresses wi th in  the element and the applied pressures acting
on the faces of the element . They are dependent on the element geometry
and the magnitude of the stresses and pressures. When the concentrated
forces are app lied to the concentrated masses, the nodal accelerations are
defi ned , and the equations of motion are applied to determine new disp lace-
ments and velocities. The integration ioop is then repeated until  the time
of interest has elapsed.

5 
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Another feature of the basic technique is the ability to represent sliding
between two surfaces. This is accomplished with a momentum exchange
principle which allows for closing, sliding, and separation of the two sur-
faces. It should be noted tha t the integration time increment mus t be
properly controlled to prevent numerical instability. This is accomplished
by limiting the time increment to a fraction of the time required to trave l
across the minimum altitude of the element at the sound velocity of the
material.

2. ELEMENT GEOMETRY

A typical tetrahedron element is shown in Figure 2. It is geometrically

defined by nodes i, j , m, and p. The formulation is based on nodes i, j ,
and m be ing pos itioned in a counterclockwise manner when viewed from
node p. The mass of each element is V0p0 where V0 and are the initial
volume and density of the element. This mass is equally distributed to con-

centrated masses at the four nodes such that the tota’ mass at node i M ,
1

is equal to one-fourth the mass of all elements which contain tha t node.
The coordinates of node i are designated x 1, y1, z 1, and the corresponding
velocities are designated ~~~~~~ &~, ~“•

z 
Wi

~ V
j

m,( / \ U
j

Figure 2. Tetrahedron Element
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II,

3. STR AINS AND STRAIN RATES

The incremental strains which occur dur ing each cycle of integration are
obta ined by multiply ing the strain rates by the integration time increment.
The strain rates ar e  obtained from the current geometry of the element
and the velocities of the nodes. LI it is assumed the velocities vary linearly
between the nodes , the x , y, and z velocities (U , ‘& , v’) within each element
can be expressed as

~~ = a 1 + a 2x + a 3y + a 4z ( 1)

V = a5 + a6x + a7y + a8z (2)

w a 9 + a 10x + a 11y + a 12z (3)

where a~ . . . a12 are geometry- and velocity-dependent constants for each
element. It is possible to solve for a’1 . . . a’~ by substituting the x velocities
and coordinates of the four nodes into Equation (1). This gives four equations
and four unknowns so that the constants (a 1 . . . a~ ) can be evaluated.

Equation (1) can then be expressed in terms of element geometry and nodal
velocities.

= ~j~y [(at + b1x + c1y + d~z) 
~~

+ (a. + b . x + c .y + d . z) i i .
3 3 3 3 3 (4)

+ (a + bmx + c y  + d z )  Urn
+ (a + b~x + c~y + d~ z) ~

7
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where the volume is

1 x
~ 

y
~ 

z
~

1 x. y. z.
v = 4  (5)

1 x y zm m m

1 x y zp p p

and the other geometry-dependent constants are

X. y. Z.
3 3 3

a = 

~m ~ (6a)

x y zp p p

1 y
3 

z~

b1 = -  1 
~m 

Z (6b)

1 y zp p

1 x. z.
3 3

c :~ :: 
(6c)

I x. y.
3 3

d1 = - 1 X 
~m ( 6d)

1 x yp p

8
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The remaining geometry-dependent constants (a~. ~~ C
3

, d
3
, etc .)  ar e ob-

tained by a systematic interchange of signs and subscripts . The y and z
velocities in Equations (2) and (3) are obtained in a similar manner and are
identical to Equation (1) except the x velocities at the four nodes are re-
placed by the y and z velocities.

After the velocities are obtained, it is possible to determine the normal
strain rates (

~~ , e , e
’

), the shear strain rates 
~~~~ ~~~~~~ 

y~~ ) and the
spin rates (w~ . w~ , w~

) of the element.

(7)x

(8)

~ (9)z

)‘ = — + —  (10)xy ~y ~x

~u ~w= — + —  (11)xz ~z ~x

_~~~V~~~~~W * 12y yz -
~~~ ~~ 

-

1i~w ~ V \
W~~~~~~~~~~~ ’ 

~~~~ 
(13)

1i~~~ t\ (14)

1(~~’& ~ U \  (1W 2~~?x ~yI 
5)

It can be seen that Equations (7) through (15) are derivatives of linear func-
tions and therefore give constant values within the element. The volumetric U

strain is also constant within the element and is expressed as = V/V 0-i ,

9
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where V and V0 represent the current and initia l volumes of the element.
It should also be noted that subsequent computations will involve devia tor
strain rates (

~~ , e~ , ~~
) which are readily obtained from the normal strain

rates (C x i C
) T

I ~~
) by subtracting the average normal strain rate.

4. STRESSES AND PRESSURES

The stresses in the elements are de termined from the strains , strain rates ,
interna l energies and materia l properties (Reference 2) . The three normal
stresses (as. a , a~

) are expressed in terms of deviator stresses (s r , 
~y ’

se), hydrostatic pressure, F, and artificial viscosity, Q:

ax 5x~~~ T~ +~~~ (16)

a = S - (P +Q) ( 17)

- (P +Q) (18)

Trial values of the deviator stresses and shear stresses at time = t + ~t
are

+ 2Ge ~t + ~~s ~19)x x x- x

S
t + ~ = s~ + 2Ge At + As (20)y y y y

At 
= + 2Ge

~
At + As (21)

t + A t t +G ’~ A t + A i ~ (22)xy xy xy xy

10
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At 
= T t

z + G~~~~At + Ar~~ (23)

At + G
~~~

At + AT~~ (24)

In Equation (19) the f i rs t  term (5 t ) is the normal stress at the previous time
and the second term (2G~~ At) is the incremental stress due to the incremen-
tal strain (e~

At) during tha t time increment, where G is the elastic shear
modulus and At is the integration time increment. The third term (As

~
) is

due to shear stresses from the previous time increment, which now act as
normal stresses due to the new orientation of the element caused by an in-
cremental rotation (w~ At . w~ At) during the time increment. The rema ining
normal stresses and shear stresses have a similar form.

The correction terms for element rotations are

As = 2 ( w r t - w r t ) At (25)

ASy = 2 (W
~~T~~~ 

- Wx4z ) At (26)

As = 2 (w - w ) At (27)z x y z  y x z

ATxy = Ew~ (s~ - s )  + - WxT~ z J At (28)

Ar~~ 
= Ew~ (s~ - s) + WxT~y 

- W T
t
~~~ At (29)

- 

Cw
~ 
(s - st) + - ~~~~~~ At (30)

It should be recalled that Equations (19) through (24) represent trial values

of the stresses, and they may need to be reduced if they violate the Von
Mises yield criter ion. An equivalent stress is given by

11
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= ~~~4 s~ + s~ + s~) + 3 (T~~~ + + r~~ ) (31)

If ~ is not greater tha n the equivalent tensile strength of the material , S.
(which is discussed later in this section). the final deviator and shear
stresses are as given in Equations (19) through (24) . If~~ is greater than
S, then the stresses in Equations ( 19) through (24) should be mu’tiplied by
the factor ( S/u ) .  When the reduced deviator and shea r stresses are put in-
to Equation (31), the result is always c~ = S .

During plastic flow it is sometimes necessary to determine the equivalent
plastic strain for strain hardening effects on the strength of the material
or to determine iS the material has failed. The f i rs t  step in this process
is to adjus t the stra in rates to plastic strain rates by substracting out the
elastic portion of the strain rates :

+ At 
- 5t 

- As
- X X (32)x x 2GAt

+ At 
- S

t 
- As

- y~ ( 33)y y 2G At

+ At 
- 5t 

- As
~
p =~~ Z Z Z (34)z z 2GAt

t + A t  t
.,p ~~~~ ~~

T
~~~~~

-A T
~~~

xy xy GA t

t + A t  t
p 

= - 

- Txz 
- 

~
T z (36)

~
‘xz ~‘xZ GAt

12
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t + A t  ~ Ap - - 
Tyz - Tyz - T yz ( 37)

~‘ yz~~~ ’yz GAt

The equivalent p lastic strain rate is expressed as

- ( • P P) ( P - P) 
( 38)

+~~ (y P + y P + y P )J2 xy xz yz

The equivalent plastic strain, T~. is then obtained by integrating e with re-
spect to time :

~ t + A t ~~~~ ~~~~ At (39)p p p

The equivalent tensile strength of the material may be-dependent on many
factors , including strain , strain rate , pressure and temperature. It is
well known that many materials behave differently under dynamic impact

than under static testing conditions. With few exceptions , however , a pre-
cise definition of material behavior under dynamic conditions is not avail-
able. There is also much to be learned about fracture characteristics
under these dynamic conditions. The current version of EPIC-3 allows the
equivalent tens ile strength to be determined from

S = S~ L i  + C1 log (
~)J ~i + + c~~

2 J [C4 + C5TJ (40)

In th is formulation , S~~ is generally taken to be the static stress, which is
dependent on the equivalent plastic strain of Equation (39). The three brack-
eted terms allow the static stress to be altered , based on strain rate ,
pressure and temperature. if the constants are C1 = C2 = C3 = C5 = 0 and

C4 = 1. 0, then ~ = S~~, which is the strain-dependent static stress. The

13 
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f i r s t  bracketed term can increase the strength due to the equivalent strain
rate , ~ , which is s imilar  to tha t described in Equation (38), but includes
the elastic portion of the strain rates. In the second bracketed term , P =

P + Q, so the effect of this term is to increase the strength due to pressure.
The final bracketed term includes the temperature , T, of the element ,
which is obtained from

T = T 0 +
~~~~: 

- 

(41)

where T0 is the init ia l  temperature of the element , E5 is the internal
energy per original unit volume (defined later), C~ is the specific heat and

is the initial density.

The material  is assumed to f rac ture  if a specified value of the equivalent
p lastic strain , (Equation 39) or the volumetric strain, ¶ \‘ /V 0-i , is

exceeded. This is a very approximate fai lure model which should be ex-
pa nded when better models become available . When the failur e cr iterion
has been met (exceeded value o f €  or ~~~~~~~ the equivalent tensile stress is
set to zero so no shear stress~~ c- in be -teve loped  in the failed element.
Likewise , no tensile stresses are .dl’we l to develop. The net result i ’~
that a failed element tends to ac t 11k4- - ~i liquid inasmuch as it can develop
only hy drostatic compression with  nc shear or tensile stresses. Another
option is also available which sets all stresses ( includin g the pressure)
equal to zero. 

-

The hydros tatic pressure is dependent on the volumetric strain and the in-
ternal energy in the element.  The EPI C-3 code uses the Mie-Grilneisen
equation of state (Reference 3) in the general form P = P~ + rE 5 ( 1 + ~~),

w ith the complete expression given by

P = (K 1~ + + K3~
3) (1 - ~~~~) + rE (1 + ~~) (42)

_ ~~~~~~~~~~~~ - -- -~~~~~~~~~~~~
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where p. = V0/V- i , K 1, K 2, and 1<3 are material-dependent constant s and
r is the G rUneisen coefficient .

Since the pressure can be sign ificantly affe cted by the interna l energy E5,
it is desirable to solve the pressure and energy equations simultaneously.
Th is g ives

t + At 
- 

E~ - •5 [(p +Q) t ~ Qt + At 
+ pt+ At j  c A t  + AE d

1 + . sr (1 + p .) e A t

where is the volumetric strain ra te and AEd is the interna l energy gen-
erated by the deviator and shear stresses during the previous cycle.

AEd = 
~~xex + syey + Szez + Txy

)/ xy + T xzV xz +T ~~~V~~~
)

— (44 )
(V/V 0) At

The bars on the deviator and shear stresses and the volum e represent
averages of these values at times t and t + At . After the total internal
energy at time t + At has been determined from Equation (43), the pressure
at time t + At is determined from Equation (42) .

The artificial viscosity is combined with the normal stresses to damp out
localized oscillations of the concentrated masses. It tends to eliminate
spur ious oscillations which would otherwise occur for wave propa gation
problems. This technique was originally proposed by Von Neumann and
Richtmyer (Reference 4) and has been expanded for use in various computer
codes (Reference 5). It is expressed in terms of linear and quadratic com-
ponent s and is applied only when the volumetric strain rate is negative .
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Q = C L P C h  !
~~V T + C QPh

2 (~~ ) 2 for c < 0

(45)
Q 0  for~~~ � 0  —

where c5 is the sound velocity of the materia l and h is the minimum altitude
of the tetrahedron . C L and C

~� are the linear and quadratic dimensionless
coefficients.

The minimum altitude of the tetrahedron can readil y be ob tained from the
previous ly calculated geometry-dependent constants. The al titude from
node ‘ to the p lane defined by the other three nodes of the tetrahedron is

h. = 
6V (46 )

~~ b~~ + c 2 + d 2

The other altitudes (h. ,  h , h~ ) are obtained by appropriately changing the
subscripts of the geometry-dependent constants.

The sound velocities (Reference 6) are obtained from

c~ = 
~
— [K i (1 - rp .) + 1<2 (2p . - 1. sr p.2 )

(47 )

1<3 (3 p .2 
- 2 pp.3 ) + r~ + F P / ( 1  +

The sound velocities are also used for determination of the integration time
increm ent.
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5. CONCENTRATED FOR CES

After the element stresses are determ ined, the concentrated nodal forces
can be obtained. These forces are staticall y equivalent to the distributed
stresses within the element and the app lied pressures acting on the faces of
the element. They are dependent on the disp laced element geometry and
the magnitude of the stresses and pressures. The forces in the x , y and z
directions at node i of an element are given by

F’ =_ !~[F (b.P.+b P +b P )- (b.a + c r  +d .~ )~ (48 )x 6 t j j  m m  p p  i x  i x y  i x z

F’ r~~~[F (c.P. + c P + c P ) - (c .a + br  + d.T )J (49)
y 6 t j j  m m  p p  i y  i x y  t y z

F’ 3~ [F (d.P. + d P + d P ) - ( d a  + c r  + b .r )J (50)z 6 t j~ m m  p p  I Z  i y z  L x Z

The geometry-dependent constants (b ,, c 1, d,) are agad’ identica l to those

used for calculation of the strain rates and altitudes . The terms in the
f i r s t  sets of parentheses represent the applied pressures where P

3
, 
~m ’

and P~, are the externa l pressures applied to the triangular faces opposite

to nodes j, m , and p respectively. The pressures are all multiplied by a
common time-dependent factor, Ft. The terms in the second sets of paren-

theses represent the effect of the interna l element Stresses. The forces at
the other nodes are readily obtained by changing subscripts . The net forces
at node i (F ’ , F~,, F~ ) are the sum of the node i forces from each element
which includes tha t node.
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ti . EQ~ A’1R)~~S OF MOTlO~\

The equations of motion can he numerically in tegrated by assum ing a con-

stant  velocity for each t ime increment.  The acceleration of node i in the
x direction at t ime = t is

u~ =~~j~ 
(51)

The new constant  velocit .y for the ne xt  t ime increment is

+ 1
_
+i;

t .
~
.
t ( 52 )

where ii~~ is the constant ve locity for the previous time increment and ~t

is the average of the two integration time increments about t ime = t.

F inally, the new disp lacement at time = t + At is

t a - At t - t+
U u~~+ u ~ At (53)

The equations of mot ion for the y and z directions have a similar form.

The integration time increment used for the equations of motion is given

by

I h 1
— (54)

L~~~÷ ~~~2 
+ c2]

where g2 
= CQQ/P. h is the previous ly determined minimum altitude , and

c5 is the sound velocity . The cons tant , C~, mus t be less than unity to en-

sure that ~.t is always less than the time required to travel across the

shortest dimension of the tetrahedron at the sound velocity of the material .
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U se of a time increment s ignif icant ly larger than that spec ified by Equation
(54) will lead to numerical instability (Reference 5). The EPIC-3 program
restricts the time increment from increas ing more than 10 percent per
cycle.

7. SLIDING SURFA( !’ES

It is sometimes necessary to allow for sliding to occur between two sur-
faces. A summary of the important steps for the sliding-surface technique
follows :

• Identif y a master sliding surface defined by an orderly
arrangement of master nodes.

• Identif y slave nodes which may slide along the master
surface.

• For each integration time increment, app ly the equations
of motion to both the master nodes and the slave nodes in
the usual manner.

• For each slave node , find the tr iangular plane (def ined by
three master nodes) whose projection contains that slave
node.

• Check to determine if there is interference between the
slave node and the master surface ( the triangular plane

defined by three master nodes).

• If there is interference, place the slave node on the master
surface in a direction normal to the appropriate master
triangular plane.

19
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• Calcula te the momentum change (impulse) to the sla ve node
caused by placing it on the master surface; then transfer
this los t momentum to the three surrounding master nodes
in a direction normal to the master surface.

• Calculate the frictional impulse developed between the slave
node and the three master nodes. The impulse is app lied in
the plane of the master surface and in a direction opposing the
rela tive motion .

The first step in the process is to define the master surface. It is generall y
desirable to define this surface with an orderly ar rangement of nodes since
a systematic search is required on this surface. An examp le of this is
shown at upper left in Figure 3 where a flat plate is represented by a fini te -
element model of nodes and elements. The z axis points vertically upward
and the x and y axes are in a horizontal plane. Although the basic princip les
involved in this technique are independent of the orientation of the axes , the
search technique is simplified if the z coordinates of the master surface are
limited to a single-valued function of x and y (i . e .,  any vertical line par-
allel to the z axis must not pass through the master surface at more than
one point) . This specializ~ d case will be described f i r s t , and the specific
characteristics of the generalized case will be described later.

For the spec ialized ease , the slave surface is above the master surface
relative to the z axis. Due to the s y m m e t r y  o the p late about a p lane con-
taining the x and z axes , only one-half the plate is considered as shown . The
EPIC-3 code uses a master surfa c~: ~efined by M rows of nodes , with each
row containing N nodes. Looking downward from the positive z axis , the
second row of nodes from N + 1 to 2N is to the left of the f i rs t  row of nodes
going from 1 to N. Likewise, the third row is to the left of the second row,
etc . For the specific case shown in Figure 3, N = 17 and M = 4 , for a tota l
of 68 master nodes .
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MASTER SURFACE DEFINITION SLAVE NODE PLACEMENT
vicrni - oc ~ ’A-.

tO MA SIt k P~AM
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s:C i

~: k1  PkOJ[CiI~~~ 0.10

SPECIAL IZED SEARCH TECHNIQUE GENERALIZED SEARCH TECHNIQUE

~~~ ~ L~ L : 2 3 i5 :6 :1
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Fi gure  3. Sliding Surface Procedure
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I t is also necessary to identif y slave nodes for the other sliding surface.
Since these nodes do not require an orderly arrangement , it is usually con-
venient to designate the more geometrically complex surface as the slave
surface. I t is also desirable to restr ict  the slave node spacing from becom-
ing s ignificantly grea ter than the master node spac ing, because this could
introduce localized deformations in the master surface at the slave node
locations. Likewise , the mass of the slave nodes should not be significantly
greater than the mass of the master nodes , s ince this could result in un-
realistically high velocities of the master nodes at impact.

For each integration ioop, the equations of motion are app lied to both the
master and slave nodes in the manner previously described. It is then nec-
essary to check each slave node to determine if it has passed through the
master surface , thus caus ing interference. To begin , the extreme values
of the entire master surface are determ ined; if the slave node is not within
this region , there can be no interference. If , for ins tance , the z coordina te
of the slave node is greater than the maximum z coordinate of the master
surface , there can be no interference, and the check for tha t particular
sla ve node is comple te.

If the slave node is within the confines of the master surface, a search
through the master surface must be initiated. It is for this search tha t it
is desirable to have an orderly arrangement of master nocfes. The lower
left portion of F igure 3 shows the projection of an arbitrari ly disp laced
master surface on the x-y plane. The triangular gr id is cons istent with the
triangular faces of the tetrahedron elements. Since z is a s ingle-valued
function, there is no overlapping of triangles on the x-y projection. The
objective of the search is to determ ine which triangle contains the x-y pro-
jection for each slave node. The search begins by considering the tr i-
angles between the f i rs t  two rows of nodes. With reference to the lower
left portion of Figure 3, the f i rs t  triangle is defined by nodes 1, 2 , 18 , the
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second by nodes 2, 19, 18. and the third by nodes 2, 3, 19, etc. If the
slave node projection is not found by the last triangle in the row (nodes 17,
34 , 33), the pattern is repeated in the second row of triangles beginning
with  the triangle defined by nodes 18, 19 , 35.

An effic ient way to check if the slave node projection is within a specific
triangle is to determine the distance from the slave node to each of the
lines defining the three sides of the triangle. The distance to line i-j in
the x-y plane is given by

/3
1
X + / 32

3r + f 3 3a = S S (55)X)~ ‘ 2 2V~i
where = - y~, 

~2 
= x

3 
- x~ and /33 = x ,Y3 

- x
3
y ,. The coordinates of

master node i are x 1, y, and z 1, and the coordinates of the slave node are
x ’5, y ’ , and z If master node j is counterclockwise from node i , when
look ing downward from the positive z axis , and is positive for all three
lines of the triangle , then the slave node is conta ined within the triangle.
This is also illustrated in F igure 3 where the slave node is included in the
triangle defined by nodes 31, 32 and 48.

After the appropriate triangle is identified , it is necessary to determine if
there is interference, The equation of a plane through nodes i, j and k
(taken counterclockwise , when looking downward from the positive z axis)
is

A x + B y + C z + D = O  (56)

where
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y , z , 1

A =  y~ z. 1 (57a)

~~~ 
Z

k 
1

x~ z~ 1

x. z .  1 (57h)
.1 3

X
k 

Z
k 

1

x~ y~ 1

C x
1 

y. 1 (57c)

xk ~k 1

x 1 ~~ z ,
D —  X

3 
y~ Z~ (57d )

X
k ~k Zk

In the upper righ t portion of F igure 3 , a vector is shown which passes
through the initial slave node position and is normal to the triangular plane.
The three direction cosines of this vector are readily obtained by dividing
A , B and C by ~JA2 + B2 + C2. Subsequent formulations will consider the
cons tants (A , B, C, D) to be redefined such tha t A , B, C represent the
direction cosines. The normal distance between the slave node and the
n-aster p lane is

- (Ax ’5 + By’5 + Cz ’5 + D) (58)

where x ‘
~~ 

y ‘
~ 

and z ‘
~ 

are the coordinates of the slave node . If is
positive , there is interference and the slave node is placed onto the master
surface in a direction normal to the master surface. The resulting fina l
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coordinates of the slave node are x5 = x ’5 + Ax, y5 = y ’5 + t~y and z~ = z ’~
+ Az , where Ax, Ay and Az are obtained by multi plying 6 N by the appropr iate
direction cosines of the normal vector .

After geometric compatibility has been achieved by placing the slave node
on the master surface , it is necessary to adjus t the equations of motion to
account for this change. Since the geometric changes are made only in the
direction normal to the master plane, the affected equations of motion are
altered only in this normal direction. It should be noted that frictional
effects alter the equations of motion in the plane of the master surface , hut
these will be cons idered later.

In the process of moving the slave node to the master surface, an effective
velocity change is imposed on the slave node. This loss of veloc i ty in the
normal direction is AV N = o N 1 At , where At is the integration time incre-
ment for the previous cycle. This velocity change also gives a momentum
change along the normal direction equa l to MS AVN, where is the mass
of the slave node. This momentum is then transferred to the three surround-
ing master nodes. If R~. R

3 
and Rk represent the fractions of the momentum

to be transferred to the three nodes, a summation of the translationa l and
rotationa l momenta of the three nodes gives the follow ing equations :

R . + R . + R  = 1  (59)
1 3 k

R 1 (x~~- x 5) + R . (x. _ x
S) + R k (x k

_ x
S) = O (60)

R~ (y~ - y5) + R~ (y. - y5) + Rk ~~ 
- y5) = 0 (61)

These three equat ions and three unknowns def ine the appropriate momen-
tum distribution to the three nodes, This momentum is app lied to the
master nodes in the form of instantaneous velocity changes , parallel to the
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normal vector but in the opposite direction. For ins tance , the normal
direction velocity change to node i is

AV 1 = R iM5AV N / M i  (62)

where M. is the mass of master node i and is the mass of the slave
node. As was done for the disp lacements, the specific velocity changes
in the x, y and z directions are obtained by multi p lying AV , by the appro-
priate direction cosines.

It is sometimes desirable to include frictional effects in the ana lys is . This
effect is cons tra ined to the plane of the master surface and the direction
opposes the relative motion. The net magnitude of the f r ic t ional  velocity
change to the slave node is proportiona l to the normal velocity change to
the slave node, or

AV~ = f S AV N (63)

where f 5 is the coefficient of friction .

To apply this velocity change in the direction of the relative velocities it
is necessary to determine the veloc ity of the master surface at the sla ve
node location . The procedure is similar to tha t used in Equations ( 1)
through (4) which determined the velocity dis tribution within a tetrahedron.
For this case , however , the velocity is determ ined within a two-dimens iona l
tr iangle since it can be defined as a function of the x and y coordinates.
The resulting master surface velocity in the x direction, at the slave node
position , is

U
m q~u~ + q~u1 

+ ~~~~ (64)
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The other veloc ity components (
~
rm and wm ) have a similar form to Equation

(64), and the geometry constants (q ,, q. , q~ ). have the form

= 2A ~~j~ k - 

~CkYj ± (y 1 
- 
~k

> x5 + (x k - x.) y5] (65)

where A is the projected cross-sectional area of the triangular master
surface on the x-y plane, and the other terms represent the coordinates of
the master and slave nodes.

Now that the velocities of both the master surface and slave node are defined ,
it is necessary to determine the components of these velocities which are in
the plane of the master surface. This is accomplished by subtracting the
veloc ity components norma l to the mas ter plane, from the total velocity
components. These velocity components for the slave node are expressed

as

N
=u  — A V 5 (66)

v v - B y 5 ( 6 )

Nw = w  - C V ~ 68

where the slave node velocity normal to the master surface is

V~ = Au
~ 

+ B~ 5 + C~r5 (69)

The in-plane velocities of the master surface (i~~~~ , v~~, ‘~~~~~) are obtained
in a similar manner.
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The relative velocity components 
~‘~el’ “ rel’ “~~ei~ 

are then obtained in
the fo rm of

.1’  . 1 ’  . pu u - u  (70)rel m s

F inall y, the f r ic t ion induced velocity changes ( A ~i~~, A~~~, Aw~~) have the
form

/ .p

~~ P ( urel -\ AV~ (7 1)
~ 

~~~~~~~~~~~~~ + 
~~~ei~

2 
+ ~el )2)

The momentum change of the master nodes , due to the fr ictiona l force ,
gives in-p lane veloc i ty changes to master node i (Aü~~ ~~~ A~r r )  of the fo rm

= -R~ 
U

1 
AV~ ( 72)

+ (~~~el
) 2 

+ (~~
‘

l )~~

This completes the description of the sliding surface procedure for the
specialized search technique shown in F igure 3. The necessity for a gen-
eralized search technique is shown in the lower right portion of the same
figure where the master surface is not a single-valued function . A slave
node LS shown slightl y below the master triangle containing nodes 7 and 8,
and ~t should properly be placed on this tr iangle. If the specialized search
technique would be used for this condition, however, the slave node would
be placed on the triangle containing nodes 2 and 3 since it is also contained
in the x-y projection of this triangle.

To alleviate this problem , the generalized search technique selects the
~~aster  surface tr iangle which is closest to the slave node . This selected
~r ~~~~~ :~-~~st  also be within a zone of acceptability which is dependent on
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the dimens ions of the selected triangular surface. If it is within  this zone
a check for interference is made with Equation (58) . Placement  of the slave
node onto the master surface and the ad jus tments of the nodal velocities
are done in a similar manner to tha t which was done for the specialized
formulation. In some cases , however , the master triar~gle must  be defined
in terms of the x-z or y-z coordinate system, depending on the orientation
of the tr iangle.

The specialized search routine is computationally faster than the general-
ized search routine s ince it generally does not search through every tr i-
ang le on the master surface; if the slave node is beyond the extre me s of the
master surface , the routine does not even begin the search, and if it does
search , it stops when the proper triangle is located. For either routine the
translational momenta are absolutely conserved in all three directions .
Small errors are introduced into the center of gravit y positions when the
slave node is moved to the master surface , since t here is no corresponding
movement of the master nodes , which receive only instantaneous velocity
changes. This center of gravit y error also introduces small errors into
the rotational momenta ,
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SE( TION III
COM PU TER PROGRAM DES( RIPTION

1. BACKGROUND

This section describes the important characteristic s of the computer pr o-
g ram . The EPIC-3 software was deve lope d in FORTRAN on a Honeywell
series 6000 large-scale digital computer.  The program .s quite portab le ;

only minor changes were required to make it operational on the Eglin
Air  Force Base CDC 6600 computer. Two major design goals we re to de-
velop the program for effic ient execution on fourth-generat ion vector com-
puters and to have the capability to provide solutions for prob lems of un-
li m i ted size .

Even though the advanced EPIC-3 code is a descendant of an earlier ve rsion .
i~ was totally redesigned and rewri t ten.  The top-dow n, hierarchical design
approach resulted in a structured collection of functional modules. The soft-
ware was implemented with an emphasis on clar i ty and read abili ty.  With
few exceptions , strict  coding c onventions and a limited set of coding con-
structs were emp loyed. The design documentation , wr i t t en  as comment line s .
has been embedded into the source cod e for  eac h mod u le . Vectorizat ion
guideline s were app lied t o maj or com put at iona l loops , wheneve r possib le , to
enhance execution speed on computers that have vec tor -process ing  c apability
Extensive use of file s for intermediate storage was required to provide solu-
tions for large problem s which cannot be core contai ned .

The EPIC -3 Postprocessor provides the user with a fle x ib le p lot capabili t y

to disp lay two- or three-dimensional views of the initial and deformed geo-
metry as we ll as p lots of ve loc ity vectors . The three-dimensional capa-
bili ty is s ign ifica nt beca use any per spec t ive is availab le , and hidden lines
can he opt ionall y removed in the geometry plots.
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2. PROGRAM STRUCTURE

The EPIC-3 software is current ly implemented on an H6080 computer.  It
utilizes the H6080 system sort package and standard CALCOMP Plot calls
in addition to intrins ic functions supp lied with its FORTRAN comp lier. The
software is also ope rational on the Eglin AFB CDC 6600 computer , which
uses a Stromberg-Carlson Plotter.

As shown in Figure 4 , EPIC-S has three separate program s which comrf~ r~i-
cate by means of one restart fi le format. The Preprocessor (PREP) sets up
the initial problem data , writing it on the restart file . The Main Routine
(MAIN) read s th is restart file or one created by a previous Main Routine run ,
and then it processes addit ional time cyc les , outputting to a new restar t fi le
at user-spec ified intervals . The Postprocessor (POST) obtains its data from
restart file s created by either the Main Routine or the Preprocessor .

The three programs were functionally decomposed with a top-dow n approach
to design . The resultant program structure s and module functions are pre-
sented as Figures 5 through 7 . The data handling, which is common to all
EPIC — 3 program s, is facilitated by the multi-use service routine s listed in
Figure 8. A summary of all EPIC-3 subrout ines, with their associated com-
mon blocks and service rout ines, is provided in Figure 9.

3. VECTORIZATION GUIDELINES

A requireme nt for EPIC-3 is that it will eventually be used on vector com-
puters such as the CRA Y , and it must therefore be written to be compatib le
with these machines. Compilers on vector com puters such as the CRA Y
ana lyze the inne rmost loops of a program and attempt to use vector instruc-
tions which exploit the advanced hardware and software features of the c orn-
pute r Since no spec ial forms are required for vector operations , the
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CONTAINED IN
DESCRIPTIO N —

PREP MAIN POST

EREAD READS ELEMENT DATA FROM FILE TO CORE * X X

EREADI READS ELEMENT DATA FROM FILE TO BUFFER X

EREAD 2 READS ELEMENT DATA FROM BUFFER TO CORE X

ERTAPE READS ELEMENT DATA FROM RESTART TAPE TO CORE X X

EWP.ITE WR ITES ELEMENT DATA ONTO FILE FROM CORE X X X

EWTAPE WRITES ELEME NT DATA ONTO RESTART TAPE FROM CORE X X

HDATA PRI NTS INPUT DATA * X *

LBPOS DETERM I NES CORE POSITIONS OF ELEMENT BLOCK X X X

LPOS DETERM I NES CORE POSITION OF INDIV IDUAL ELEMENT X X *

NBPOS DETERMINES CORE POSITIONS OF NODE BLOCK X X X

N FIX DECODES IXYZ ARRAY FOR NODE INDICATORS X *

NPOS DETERM INES CORE POSITION OF IND I V I~~JA L NODE X X X

NREA D READS NODE DATA FROM El Li TO CORE X X X

NREADI READS NODE DA1~ FROM FILE TO BUFFER X

NREAD2 READS NODE DATA FROM BUFFER TO CORE X

NRTAPE READS NODE DATA FROM RESTART TAPE TO CORE X X

NWRITE WR ITES NODE DATA ONTO FILE FROM CORE * X X

MdTAPE WRITES NODE DATA ONTO RESTART TAPE FROM CORE X *

PERSPC TRANSFORMS 3—0 COORDINATES TO 2-0 PERSPECTIVE X

SWITCH REWINDS AND I NTERCHANGES NO FILES X * X

Fi gure 8. Service Routine s
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ROUTINES LABELED COMMON BLOCKS SERVICE ROUTINES CALLED
INCLUDED

~ IN 
______________________ _________________________________

a. — ~J 0 ~~ ‘N UJ W LU ‘N LU LU LU L) Z
o 0 0 0 A. i.. Q. ,~ Lfl ~fl 0 0 0 A. I-. A. 0. ‘-~~~~~~~~~~~~~ ~~~~~~~~~~A. Z ~

. 
~~ U. ~~ LU ~ L U.

LU — 0 LU -L 1- 0 — LU LU U i 0 .  0 0. — 0 LU LU ~~ ~~ ~- ~~ —
~~ .~~ 0 0 ~~ -4 — — ~~ 0 -. -J LU ~~ 0 0. ~~ U. 0. ~~ LU ~~A. ~C A. ~~~~L U 4 U L U U . Z~~~~~~ Z Z ZA . L f l> W U i L U U i U i L U X~~J J Z Z Z Z Z Z Z Z Z 0 . . f l

S r i  i i i  1 1 1 1 1 1 1  l u J u l I J I l  i u i u t i i t -i iBREAK x x x
BRICK x
E C O R E  x x x x x x
EGEOM X x X x  X X

EGET x x x x
ELOOP x x x x X X X X  X X X x  X X X  X X

ENOSE x x
EPLATE x x
EPUT x x x x
EREAD x x x  x x  x x  X

EREADI x x X x x X
EREAD2 X x X X x X

ER TAPE 
- 

x x  x x x x  x
EROD x x
ESPHER x x
EWR ITE X X X X x X X X
EW TA PE x x x x x x x
FORCE 

- 
X X x

GCON X X X X

GEOM X X x
GEOM2 x x x
GEOM3 

• 
x x x

GP L OT x x x x  x x x  x x x x
HCHEC K x x

~DATA :x  x x
hIDEL x x * x x
LBPOS x x x x - x
LPOS x X X X
MAIN x x x X x
MASS :~ x x x x  X x x x x x  x
MATCH X x x
MArL X x x
MGET X x x x X
MOTION X x x
NBPOS :~ X x x X
NCORE x x x x x x
NF IX x x
NGE OM X X x
N L I N E  x 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1  I 1 1 1 1 1  I I I  I I A

Figure 9. EPIC-3 Subroutines
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ROUTINES 
INCL UDED 

LABELED COMMON BLOCKS SERVICE ROUTINES CALLED

NLOOP ‘ x ’ i ’ 
1
~~

1 I I I I I  I I I I I I  I I I~~~~I I I
~~

I
~~

I
~~

I ‘x ’

NNOSE X x X
NPLATE x x x
NPOS X X X  X
NREAD X X X  X X X x x
NREADI 

- 
X X X X X X

NREAD2 x x x X x x
NROO x x x
NRTAPE 

- * x X X X X X
NSPHER X X
MdRITE x x x x x x x x
NWTAPE X X  X X X X  X
PERSPC 

- 
X

PREAD 
• 

X X x X X X X X x
POST 

• 
X X X X X X

PREP x x x x x
RECALL 

- 
X X X X X X X X X x x x

REPORT 
• 

x X X X X X X X X x x
SAVE x x  X X X X  x x x x x
SDATA x x  X X X  X X X X X x
SEEKI x x x
SEEK 2 

• 
x X X X X

SETO RG 
• 

X
SETUP 

• 
x X X X

SG EOM X x X X x x
SIZE x x X x  x x x x * *
SLAVEN x x x x x * x x x
S L IDE 

• 
X * x x

START x * x x * * x x
STRAIN X * x
STRESS 

• * x x x  x
SWITCH X x *
TETRA x
VELOC2 X X X
VOLUME x X X
VPLOT * x x x x x  x *
WEDGE I ~~
WEDGE2 x
W RITEG ~~ I ~~I 1 X 1 X 1 I 1

X
1 I I I 1 I I I 1* 1 1

X
1 l~~i I I I I I I

Figure 9. EPIC-3 Subroutines (Concluded )
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transportability of a vector-oriented FOR TRAN program to other compilers
is not endangered . During execution on a vector computer , a vect or loop

can run many time s as fas t as its equivalent scala r loop However , the re
are certain problems that prevent a ioop from vectorizing.

To be vectori zable , a computational loop should mani pulate array s and store
the result s of computations in array s Loops that c ontain branches such as
GO TO’s and IF’s , cannot currently be vectorized . The use of temporary
variab les , CALL statements or pointers (an array position identifier ob-
tained from another array)  also prohibits vectorization.

The following general rule s app ly for vector loops :

• Keep subscripts simp le and ex plici t .

• Do not use temporary variables , pointer s, IF’s, GO TO’s,
or CA LL’s.

• Use mathematical functions for which there are vectorized
versions in the target vector com puter.

• If a large loop contains only a few unvectorizab le statements ,
try to rewrite it as two or more loops , with at least one being
vectorizable .

Much of the EPIC-3 code is currently vectorized based on the app lic at ion of

the aforementioned rule s Since most of the element computations depend
on nodal data such as positions and velocities , the nodal data are redefine d
in te rms  of element variab les suc h that pointers are not required for the
primary-element com putational loops . The gathering of nodal data into ele-
ment arrays is performed in sub routine EGE T , and the subsequent dis t r ibu-
tion of element data bac k to the nodal arrays (c oncent rated forces) is pe r-
formed in subroutine EPUT .
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4 . CODIN .i ( iUILELINES

Most of the EPIC-3 program (with the exception of the geometry generato rs )
is written using structured programming guidelines. Othe r exceptions occur
in some of the primary computational loops where computational efficiency
or vectorization would be impaired if the structured programming guidelines
were incorporated . Every attempt has been made to provide cons istency and
clarity in all the subroutines. An exam ple of the coding is provided with S Ub-

routine MOTION , shown in Figure 10.

5. DATA STRUCTL TRE

The significant data within the EPIC-3 software are organized in labeled com-
mon blocks . These blocks provide the basic means for communic ation be-
tween subroutines . The bloc k labels , in additio n to the variable names
themselves, are intended to be as self-explanatory as possib le . Figure 9
lists the common block usage by subroutine . The common blocks and t heir
contents are :

/ BOOKKP/ - All bookkeeping information such as bloc k sizes , num-
ber of blocks, total number of elements , and total num-
ber of nodes.

/EBUFR / - Buffer for element data that are being read.

/EBUFW / - Buffer for element dat a that will subsequentl y be wri t ten
onto an element file .

/ELE M N T/  - Data arrays for one block of elements.

/FILES/ - Variab les used to store the logical unit designations for
all EPIC-3 f i les .
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/MATERL/  - Material  proper ties.

/MISC / - Miscellaneous data needed by mult i ple routines.

/N BUFR / - Buffe r for node bloc k data that are being read.

/NBUFW / - Buffer for node bloc k data that will  subseque ntly be writ-
ten onto a node file .

/NODE / - Dat a arrays for the entire bandw idth of node b locks.

/PLOTD/ - Assorted plot data.

/SLIDEDI - Sliding surface data.

/ VECTOR / - Arrays  needed for various element vector loops .

Files are used extensive ly by the EPIC-3 software . The node , element , and
sliding surface file s are designed to minimize the program ’s core storage re-
quirements by providing for the storage and subsequent retrieval of data that
are not current ly needed for calculations . Typically, data will be read from
file s into common bloc k locations , it will  be processed , and then the updated
data will be written to othe r files. A summary of the various file s is give n
in Section IV.

6. BANDWID TH DETERMINATION

Since three-dimensional problems often require many nodes and elements,
it is not gene rall y possib le to contain all data w ithin the central memory core
of existin~ computers . As a result , it is necessary to use disk file s for in-
termediate storage . Sinc e there is interaction between various nodes for
sliding surface computations , and since element computations require various
nod e d ata , it is necessary to provide a logical , or derl y technique whereby the
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appropriate element and node data are in core at the prope r time dur ing the
computations .

For eac h cyc le of numerical integration , the re are three computational ioops .
A brief discussion of each follows:

• The first  ioop computes the equat ions of motion of the nodes
( Subroutine MOTION) . It does not inc lude the sliding sur-
fac e computations . The computations for eac h node are self
contained ; they do not depend on data from othe r nodes or
elements . Therefore , this computation has no effect on the
dat a hand ling or central memory requirements.

• The second loop adjusts the equations of motion for  the slid-
ing surfac e nodes (Subroutine SLIDE) . The computations
for each slave node do not depend on any element data ; they
do , howeve r , interac t with data from other nodes (the m as-
ter nodes) . Therefore , for a specific sliding surface , it is
necessary that all master nodes be in core when eac h slave
node is processed .

• The third loop computes various data for the element s (Sub -
routine E LOOP). The computations for each element do not
depend on data from any other element . They do , however ,

depend on node data. The computations for a specific ele-
ment require the position and velocity dat a for the four nodes
which define that element . The element then uses this data
(together w ith material property data) to generate concen-
trated forces whic h it distributes to the four nodes. There-
fore , for a specific element being processed , it is neces-
sary for the four nodes of an element to be in core as that
element is being processed .
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The second and thi rd  loops both place req uirements on the data handl ing and
central memory requirements . It is from these requirements that  the con-
cept of a bandwidth is Lotr oduced . The third loop is the most complicated
since both node and element d ata must he in central  memory at the proper
time . The discussion which follows is for thi s  third (e lement) loop.

An unordered arrangement of nodes and elements is shown at upper left in
Figure 11. Each element along the vertical axis is affected by f our nodes
along the horizontal axis , If the pr imary computational activity is based on
processing element data in a sequential  manne r , the uno rdered arrangement
doe s not restrict the locat i on of the appropriate four  nodes for  that  elem ent .
As a result , if the required node data are not in core but must be brou ght  in
from disk st or age in a rand om manner , the com putations are ineffic iently
perform ed .

In contrast , an ordered arrangement of nodes and elements is shown at uppe r
right in Figure 11. He re it can be seen that the four nodes for each element
are restricted to fall within a range defined as the bandwidth . This means
that , as each element is processed , it is necessary to provide access to only
a limi ted number of nodes contained within the bandwidth.  Th is ordered ar-
rangement is obtained by numbering the nodes and element s in a logical and
consistent manner.  Generally, the bandwidth for  the eleme nt loop is mini-
mized if the nodes are inc reasingly numbered in a direction normal to the
cross section with  the smallest number of nodes.

The lower portion of Figure 1 1 shows an ordered arrangement of nodes and
elements where the data are represented by N blocks of node data and M
b loc ks of element data. These bloc ks contain data for groups of nodes and
elements. This is done to simplify the transfer of data between disk files
and central memory and also to allow the vectorized computational loops to
act on an entire b loc k of data. The bandw idth for a particular element bloc k
is the number of consecutive nod e bloc ks needed to contain both the lowest
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Figure 11. Bandwidth Representation for Node-
Element Connectivity
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7. CO M P U T A T I O N A L  SEQUEN(TE

The pr imary computat ional sequences for EPIC- 3 have been designed to
minimize problem size requirements and to enhance vector processing.  A
schematic representation of the data manipula tion is shown in Figure 12 .
The central memory core contains one block of element data and a bandwidth
of node blocks . Node and element buf fe rs  for read and write activity are re-
quired , and storage space is provided for the material and sliding surface
data.

NODE FILE S ELEMENT IfLE S

READ WRITE CENTRAL MEMORY CORE READ WR ITE

r-, D __________
L_.J BLOCKS OF I

~ El NODE DATA MATERIAL DATA 
~~ ,~ ~~~~~~ 

22 ’ ’  
_ _ _ _

- r~~ r r—~s— NODE 0L_ .I L .J

~~
, WR i T E i + i 

I 
ELEMENT ‘ I

~

WR i TE r-~r 
01 — 1  I I I I _______

________ 

BUFFE R I IL..,J L.~.J
r—~ r—~ r-~ r—,I I I I
L..J L...J

~~~~~ ~~
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r , 1 2 r-~ r— ~I I
L,.J I__ ,J ________

r-~ r-, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I- . I I I + 
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J + j  I I I I I I
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L_ .I U
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L.I  L.J L _ J
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LID IN ELEMENT 0 L J

L..J
________ r-~i

I I

-

~~~~~~~~r 

_ _  _ _
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UPDATED READ
BLOCKS BI.JFFER  

RFAC~ BUFFER L_.j
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I / 
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/~~~

‘DATA 
— 

I

t~ithwooi UPDATE DT

___________________ 
BLOCKS

SLIDING SURFACE FILE

Figure 12. Program Logic and Memory Requirements

47

I 



-

The following process describes the impo r tan t  steps which  o c c u r  d u r i iw  ar
element loop ( Subrout ine  E LOOP). These steps are i l lus t ra ted  in Figures
11 and 12 where the bandwidth is five node blocks .

• ini t ia l  Step to Set U p Processing — A coot ~ he e m i  ndw i d t h i  of
node b loc ks is read into core from the cu r ren t  nude read
file . An additional nod e block , if it exi s t s w i l l  ‘~‘e read in-

to the node read buffer .  The f i r s t  element b loc k mi i .~t also
he read in t o  core fro m the element read f i le  and t h e  buf fe red
re ad of the next one is ini t iated . In i~ i gures 11 and 12 . this

would mean node blocks 1 to 5 are read into core , and node
block 6 is read into the node read buffer . Likewise , ele-
mént block 1 is read into core , and element blo ck 2 is read
into the element read buffer .

• Basic Processing Sequence (Done for Each Element Block) -

The follow ing must  be repeatedl y done unt i l  the maximum
node b loc k needed for this element b lock is in core :

The lowest numbe red node bloc k in core is t rans-
ferred to the node w r i t e  buffer  and wr i t t en  on the
nod e wri te  file . Since it is no longe r w i t h i n  the
bandwidth , it will not be affected by subseq uen t ele-
ment s. Then the next node block is transferred from
the node read buff er  to the vacated core space and
another buffe red node read is be gun . In F igures  11

and 12 , before element bloc k J can be processed ,
node block 1-3 must be replaced wi th  node b loc k T+2 .

The element computations for this bloc k can now be pe r-
form ed s ince t he requ ired node data are in core . These corn-
putations are summarized under Subroutine E LOOP in Figure
6.
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The updated element bloc k is writ ten on the element wri te  f i le
and the next element bloc k is transferred from the element
read buff er to core . Then the next buffered element read is
begun. In Figures 11 and 12 , element bloc k J is rep laced by
element b loc k J+ 1.

• F naI Step to Complete the Processing - Any remaining  node
bloc ks in core must  be wri t ten  on the node write file . This
would be node blocks N-4 to N as show n in Figures 11 and 12.

The logical unit designators for  the node read and wr i t e  file s
are in terchanged so that subsequent processing will read from
the updated file. Likewise , the element file s are interchanged .

The two node loops (Subroutines MOTION and SLIDE ) are less comp lex since
there is no interaction with element data . For the MOTION loop the node
blocks are read from one node file , the computations are performed , and the
updated results are written onto the other node file .

For the sliding surface computations , a bandwidth of node b loc ks must  always
be in core . If the computations are initiated with the slave nodes in the lowest
node b loc k, then the affected higher-numbered master nodes must always be
in core . When the last slave node in a specific sliding surface has been pro-
cessed , the data (master node numbers , e t c .)  for the next slid ing surface
are read into core from the sliding file . This requires the slave nodes of a
subsequent s liding surface to be numbe red highe r than those of a preceding
sliding surface .

8. THREE-DIMENSIONAL PLOTTING RO UT INES

This subsection summarizes the techniques used to obtain the three-d imen-
sional plots. For each three-dimensional plot request , one call is mad e to
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the  SETOR C subroutine wh ich develops the t ransformat ion  from 3-space to a
2-spac e p lotting p lane . Since the user specifie s an eye point and an origin
(the point  looked at) ,  SETOR G can compute the equation for  the p lotting or
viewin g p lane which is per pend icular to the line of s ight  and contains  the Ori-
g in. Sub sequent calls to the PERS~~~ subroutine provide 2-space coordinates
for any poin t as it is projected onto the view i ng plane .

The x , y , and z max imum and minimum values are used to scale the 3-D
plot . The eight combinations of coordinate s define the corne r nodes of ah ox
in space . PERSPC is called to pr oject this  box onto the viewing plane us ing
the t ransformation defined for this particular 3-D p lot request .  The vert ical
dimensio n of the projected figure will  be scaled to f i t  w i th in  10 inches. The
horizontal  dimension will use the same scale to avoid d is tor t ion ;  the len gth
of the plot is unlimited.

Plotting requires one comp lete pass through the element file . All four  tri-
angular faces of each element are exanl ined . If a triangle f i t s  w i t h i n  the
maximum and minimum extremes , a corresponding dat a record is wr it t en
onto a new t r iang le file . The three nodes are listed in ascending order , f i l l -

lowed by their  x , y, z coo rdinates. The triang le f i l e is sorted I O j  ascend it ;~
node numbers and then a new file containing only exterior tr i an i .r les is wr n t c ’ .

The interior t r iang les are easily iden tif ied and e l iminated  by t } i e  presence ~j i

t wo or more consecutive , ide ntical records on the sorted t r i ang le ide .

The exterior  t r iang le file is fur ther  processed if the hidden line option is re-
quest’~d. One comp le te node loop is made to flag all exterio r nodes (those
contained in the exte rnal triangles) .  To ascertain an exterior node ’ s visibility.
eac h exterior  triang le must be examined to see whether its 2-space projec-
tion contains the node and if so, whether the node is behind the triangle.
Once all visible nodes are determined , one com ple te t r iangle pass is made
to wri te  those triangles having three vis ib le nodes and to create degene rate
(two -node) t r iang les when two of the three nodes are visible . With this
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method , any line of a triangle is eligib le for eventual plot t ing  if i ts end points
are visib le . U nfortunately, som e erroneous line s can occur at the corners
of a plot if the endpoints of a line are visible , but the line itse lf is hidden by
another external triangle.

The fina l triang le fi le , with or without hidde n lines , is now processed for plot-
ting. For each triangle , the PERSPC subroutine is called three t imes to
transform the three nodes to their 2-space representation on the p lot t i n g
p lane . Then standard plot sub routine s are called to draw line s between the
three nodes.
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SECTION IV
PROGRAM U SER INSTRU CT IONS

This  section provides ins t ruc t ions  for the user . Input data for the Prepro-
cessor, the Main Routine , and the Postprocessor are given in the first  three
subsections. Then the output  data are described and instruct ions for chang-
in g the dimensions of the program , the f i le  designations , and centr al p roces-
sor t ime estimates are given .

1. INPUT DATA FOR THE PREPROCESSOR

The functio ns of the Preprocessor are to define the in i t ia l  geomet ry and veto -
city conditions and to determine the memory size requirement s for the Main
Rout ine . A summary of the input data for the Preprocessor is given in Fig-
u r e  13, and details of the node and elem ent input  data are given in Figures
14 an d 15. These Fi g ure s cor respond to para gra phs a , h , and c belo w. The
desc ript ions which follow are for the data in Figure 13. Consistent uni ts
mus t be used .

a . Pr eprocessor Inpu t Data Summary

• Description Card ( 12A6 ) - A descri ption of the problem pro-
vided by t he use r .

• Identification Card (315) -

CASE Case number for run identification
0 will not prin t individual data for each node and

I PRINT = 
element .
1 will print individual data

I SA VE 0 will not write results on restart tape.
1 will  write on restart tape.
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Figure 13. Preprocessor Input Data
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NODE INPUT DATA
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Figure 14. Node Input Data
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ELEMENT INPUT DATA
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Figure 15. Element Input Data
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• 22 Material Cards (5E 15. 8) - Each of the 22 material  cards

provides a specific material characteristic for five materials .
For instance , the first card describes the density of the ma-

terials . The density of material 1 is entered in columns 1 to 15,

the density of material 2 is entered in columns 16 to 30, etc. The

second card contains the specifi c heat s for the five materials, etc-s .
It is only necessary to describe the materials used for the

analys is . If materials 1 and 3 are used for a specific analy-
sis , all the material 1 data must be specified in columns 1 to 15
and all the material 3 data must be specified in columns 31 to 45.
Columns 16 to 30, 46 to 60, and 61 to 75, representing materials
2, 4 and 5, can be left blank.

Card 1 Density (mass/volume)

Card 2 Specific heat (work/mass/ degree)

Card 3 Shear modulus of elasticity (force/area)

C ard 4 Yield stress (force/ area)

Card 5 Ultimate stress (fo rce/area)

Card 6 Strain at which the ultimate stress is achieved . Should

be consistent with the equivalent plas tic strain defini-
tion in Equation (39) which is essentially a true
strain. Stress varies linearly between the yield stress
and the ultimate stress . The stress for larger strains
is equal to the ultimate until fracture occurs.

Card 7 Maximum negative hydrostatic pressure (force/area)

Card 8 Strain rate effe ct constant , C 1, in Equation (40)

Card 9 Pressure effect constant , C2, in Equation (40)

Card 10 Pressure effect constant , C 3, in Equatio n (40)

Card 11 Temperature effect constant , C4, in Equation (40)
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Card 12 Temperature effect constant , C 5, in Equation (40 )

Card 13 Hydrostatic pressure constant, K1,, in Equation (42)
(force/area)

Card 14 Hydrostatic pressure constant, K2 , in Equation (42)
(force/ area)

Card 15 Hydrostatic pressure constant , K 3, in Equa tion (42)
(force/area)

Card 16 Gruneisen coefficient , F , in Equation (42 )

Card 17 Linear artificial viscosity coefficient , C L, in Equa-
tion (45)

Card 18 Quadratic artificial viscosity coefficient , CQ~ in
Equation (45)

C ard 19 Equivalent strain If either is exceeded, there is a
Card 20 \‘olu metric strain shear and tens ile failure. Posi-

tive hydrostatic pressure and
viscosity stress capability re-
main. If Equivalent strain is
negative , material behaves like
a liquid .

Card 21 Equivalent strain If exceeded , the element fails to-
tally and produces no stresses or
pressures .

C ard 22 Initial temperature (degrees)

• P rojectile Scale/ Shift/Rotate Card (6F 10~ 0) -

XSCALE Factor by which the x coordinates of all projec-
tile nodes are multiplied . ‘ Applied after the co-
ordinate shifts (XSHIF T, ZSHIFT) described
later .
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YSCAI.~E = Factor by which the y coordinates are multiplied.

ZSCALE Factor by which the z coordinates are multiplied .

XSFTIFT = Increment added to the x coordinates of all p ro-
jec tile nodes (length). Applied before the scale
factors (XSCALE , YSCALE , ZSCALE).

ZSHIFT = Increment added to the z coordinates (length).

ROTATE = Rotation about the axis (at x = z = 0) of all proj ec-
tile nodes (degrees) . Applied after the coordinate
shifts (XSHIFT , ZSHTFT) and the scale factors
(XSCALE , YSCALE , ZSCALE).

• Node Data C ards for Projectile - These are described in Section
IV-l-b , End with a blank card.

• Target Scale/Shift/Rotate Card (6F10. 0) - Same as Projectile

Scale/ Shift/Rotate Card except it applies to the target nodes .

• Node Data Cards for Target - These are described in Section
IV- 1-b. End with a blank card.

• Element Data Cards for Proje ctile - These are described in
Section IV- 1-c. End with a blank card.

• Element Data Cards for Target - These are described in Section
IV-I-c .  End with a blank card.

• Sliding Surface Identification Card (1115, 5X, 2F 10. 0) - Each
sliding surface contains one Identification Card and cards (if
required) describing the slave nodes. For each sliding sur-
face all the slave nodes must have lower node numbers than
all the master nodes of that particular sliding surface . The
slave nodes of a subsequent sliding surface must all have
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highe r node numbers than those of the slave nodes of the pre-

vious sliding surface. If there is more than one sliding sur-

face , all data for the first  surface are input before beginning

data for the second surface. The mass and spacing of the

slave nodes should not be significantly greate r than that of
the maste r nodes in the initial or deformed geometry. Also ,

the slave nodes cannot be restrained in the z dire ction End
with a blank card afte r the las t sliding surface

1 gives the specialized search routine as de-
scribed in Section II. The slave surface must
be above the master surface relative to the z

TYPE = axis , and it must be a single-valued function of
x and y.

2 gives the generalized search routine as de-
scribed in Section II.

IM1 = The node number of the first master node which
corresponds to node 1 in F igure 3.

NML = Number of nodes per row of master nodes . NML
is equal to N in F igure 3. Each row of master
nodes must have the same number of nodes.

NMW = Number of rows of master nodes . NMW is equal
to M in Fi gure 3.

Note: When looking from the slave node side to

the master node side of the s !iding surface ,
each successive row of master nodes is to

the left of the preceding row of nodes when
viewed f rom node 1 to node ~~~.
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IDT~ = The r~ode number increment along the rows of
master nodes. If IM 1 = 100, NML = 6, and IDL =

2 , then the first row of nodes in the maste r sur-
face consists of nodes 100 , 102 , 104 , 106 , 108 ,
110 .

1DW = The node numbe r increment between the f i rs t  node
of ea ch row . If IDW = 20 and IM 1 , NM L and IDL
are as described in the preceding description of
IDL , then the second row of maste r nodes consists
of nodes 120 , 122 , 126 , 128, 130.

1 is for the diagonal orientation shown in Figure 3.

IDI A = 2 is for the other diagonal orientatio n where the
diagonals go in the general direction from the

L 
first  master node to the last master node .

IS1 = The first (lowest node number) slave node .

ISN The last (hi ghest node number) stave node . Must
have a lowe r node number than all the master nodes .

NSLV The total number of slave nodes in the sliding sur-
face. If all nodes between IS1 and ISN are slave
nodes (NSLV = ISN - IS1 + 1), no additional input
data are necessary.

Otherwise, slave nodes are read individually or in
groups .

NSG = Numbers of groups of slave nodes to be read . If
NSG = 0, the nodes are either consecutive between
IS1 and ISN , or they are read individually.
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FRICT = The coefficient of s l iding f r i c t i o n .

DREF = A reference distance used to determine the zone
of acceptability, -.as show n in Figure 3 . Used only
for the generalized search routine (TYPE = 2 ) .
Thi s di stance should be large enough such that a
sphere wi th a radius of DREF will  completely
contain each deformed triangular master plane if
the center of the sphere co incides with the center
of the triangle. Any slave nodes outside this
sphe rical zone will not be considered for that spe-
cifi c triangular plane.

• Individual Slave Node Cards (1615 ) - Individual slave nodes are
read if the slave nodes are not consecutive between IS1 and ISN ,
and if the slave nodes are not re ad in groups (NSG = 0) Slave
nodes must be read in ascending order from IS1 to ISN .

• NSG Grouped Slave Node Cards (315 ) -

ISG I = The first (lowest number) node in a group of nodes

ISGN = The last (highest number) node in a group of nodes

INC = The increment between the slave nodes . If ISG1 =

100 , ISGN = 5, then nodes 100 , 105 , 110, 115, 120
will be designated as slave nodes .

• Initial Velocity Card (7F 10. 0) - This card describes the init ia l
velocity conditions of the projectile and the target. If there are
in terface nodes which include mass from both the projecti le and
the target, the velocities of these nodes are adjusted by the
program to conserve momenta.

PXDOT = Projectile velocity in the x directin n
(distance/ t ime)
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PYDOT = Projectile velocity in the y direction

PZDOT = Projectile velocity in the z direction

TXDOT = Target velocity in the x direction

TYDOT = Target velocity in tl~ y direction

TZDOT Target velocity in the z direction

DT 1 = Integration time increment (~~t in equations
of motion in Section H) for the first cycle .
This must be less than the time required
to travel across the minimum altitude of
each tetrahedron element at the sound speed
of the material in that element ,

b , Input Data for Node Geometry

A summary of input data for nodal geom etry is given in Figure 14. Nodes
may be input as a Line of nodes , and for  special shapes consisting of rods ,
various node geometries , f la t plates and spheres. There is no Limit to
the number of shape s included for the projectile or the target. In all cases
t he nodes are numbered consecut ive ly. If a node is at the interface of the
projectile and the target and contains mass from both the projectile and the
target , it must be included with the projectile nodes ,

L ine of Nodes Card -- Node ca rds f or each li ne of nodes are supp l ied as
needed by the user . Refer to Figure 16 for the spacing of the nodes.

Line of Nodes Description Card (2 15, 6 FIG . 0, F7 . 0, 311) -

1 Identification number for a line of nodes .
NNODE = Number of nodes in the row of nodes. The nodes

are numbered consecutive ly.
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Xl x coordinate of f irst  node Ni  (length)

Yl = y coordinate of f irst  node Nl  (length)

Zi = z coordinate of first node NI (length)

XN = x coordinate of last node NN (length) . Leave
bla nk if a single node is entered .

YN = y coordinate of last node NN (length)

ZN = z coordinate of last node NN (length)

EXPAND = Factor by which the distance between adjacent
nodes changes . For example , if the dis tan ce
between the first two nodes is 

~~~~~,
, the distance

between the second and third nodes is =

EXPAN D. A summary of relative spacing be-
tween the first two nodes and the last two nodes
is given in Figure 16.

IX = 1 will restrain all nodes (Ni . . NN) in the x di-
rection . No restraint if left blank.

IY = 1 will restrain nodes in y direction .

IZ = 1 will restrain nodes in z direction .

Rod Shape Node Cards -- The rod geometry descriptions are given in F ig-
ure 17 . The rod is alway s generated in a vertical  position about the z axix.
When viewed from the positive z direction , the nodes are nu mbered con se-
cut ivel y counterclockwise, inner to outer and downward , Only one-half the
rod is generat ed as sho wn, and restraint s are provided normal to the plane
symmetry. The rotation of the rod for oblique impact is obtained with a
Scale/Shift / Rotate Card .

• Rod Node Identification Card (I S) -

2 = Identification number for rod geometry.
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• Rod Node Description Card (415. 3F 10. 0) -

NOR = Outer node ring number.

NIR = Inner node ring number .

NPLN = The number  of cross-sectional planes of nodes
in the rod.

0 gives ROTOP , RITO P , ROBO T, FIIBO T in-
IRAD = put option for un i fo rm radial spacing .

I gives RT (1 ) , Ft B ( I )  input option (1 = N I R . NO R ) .

ZTOP = The z coordinate of the top of the rod .
ZBO T = The z coordinate at the bottom of the rod .
EXPAND = Factor by which the vertical distance between

adjacent node changes . Factor applies from
top to bottom . Same as described for the Line
of Nodes Description Card ,

• Rod Node Radii C ard for IRAD = 0 (4F 10. 0) -

ROTOP = Radius of top oute r node ring of rod .
RITOP = Radius of top inner node ring of rod .
ROBO T Radius of bottom oute r node ring of rod .
RIBO T = Radius of bottom inner node ring of rod .

• Rod Nod e Top Radii Card (s) for IRAD = 1 (8F10 ,0)  -

R T ( I )  = Top radii for each node ring , I = NIR . NOR.
A rray FIT is currently dimensioned for a maxi-
mum outer ring number of 16 (NOR. LE . 16) .
Note: If NIR = 0. then RT(O ) internally set to
0 and I 1, NOR.
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• Rod Node Bottom Radii Card (s) for IRAD = 1 (8F 10. 0) -

RB(I) = Bottom radii for each node ring, I = NI B , NOR .

A r r a y  RB is current l y dimensioned for a maxi-

mum outer ring number of 16 (NOR . LE . 16) .

Note: If NIB = 0, then RB (0) internall y set to

0 and I = 1, NOR .

Note: II it is not possible to describ e the node geomet ry of

the rod with a single shape , it is possible to use mul-

t ip le shape s to fo rm a single rod . The nodes must be

nu mbered consecutive L y, and the radii and the number

of node rin gs must be the same for the individual rod

shapes at their int e rface . A lso, ZBOT and ZTOP for

adjoining rods shouLd not be identical . ZTOP for the

lower rod should be less than ZBOT for the upper rod

by the desired node spacing in the z direction.

Nose Shape Node Cards - - The nose geometry descriptions are given in Fig-

ure 18. The nose shape is always gene rated in a vertical position (pointed

dow nward )  about the z axis. When viewed from the positive z direction , the

nod es are numbered con sec ut ive ly, counterclockwise , dow nward and inner

to outer . Onl y one-half the nose shape is generated as shown, and restraints

are provided normal to the plane of symmetry. The node geometry for the

flat p late at the rod interface is not generated with the nose generator and must

therefore be generated with the rod generator . The number of rings must be

ide ntical for  the rod and the nose .

• Nose Node Iden tification Card (15) -

3 = Identification number of nose geometry.

• Nose Node Description Card (415, 4F 10. 0) -

NOR = Outer node ring number .
NIB = Inner node ring number .
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1 identifies a conical nose shape .

2 identifies a rounded nose shape. If the length
of the nose is equal to the radiu s, a spherical

INOSE = shape is generated . When the length is not equal
to the radius , the axial coordinates are scaled
and the various radii are not changed .

3 identified a tangent ogival nos e shape .

O gives ROTOP, RITOP, ZTOP, ZMIN input

option for u n i f o r m  spacing .
IRAD =

1 gives RT( 1), ZM fl) ,  ZTOP input optio n (I =

NIR , NOR)

ROTOP = Top oute r node radius of nose .

RI’JDP = Top inner node radius of nose.

Z TOP = The z coordinate at the top of the nose . This is
identical to ZBO T for the rod shape at the rod
interface.

ZMIN = The z coordinate at the tip of the nose.

• Nose Node Top Radii Card(s) for IlIAD = 1 (8F10. 0) -

RT(I) = Top radiu s for each node ring , I = NIR , NOR.
Array RT is cu rrently dimensioned for a maxi-
mum outer ring number of 16 (NOR. LE . 16) .
Note : If NIR = 0 , then RT(0) internall y set to
0 and I = 1, NOR.

• Nose Node ZMIN Card(s) for I l IAD = 1 (8F10. 0) -

ZM(I) = Minimum coordinates for each node ring , I = NIR ,
NOR. Array ZM is currently dimens ioned for a
maximum outer ring number of 16 (NOR. LE 16) .
Note : If NIR = 0 , then ZM(0) internally set to ZTOP
and I = 1, NOR .
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Flat-Plate Shape Node Cards -- The flat-plate descriptions are given in
Fi gu re 19. In all cases , the lines connecting the adjacent corne r nodes are
parallel to one of the three primary axes . The nodes are generated in rows
parallel to the x axis and are numbered consecutively wi thin each row in the
directio n of the increasing x axis . This generation continues row by row in
the positive y direction , plane by plane in the negative z direction .

• Flat-Plate Node Identification Card (15) -

4 = Identification number for flat-plate geometry.

• Flat-Plate Node Description C ard (615. 5F10. 0) -

NX = The number of nodes in tEe x direction; in
Figure 19, NX = 13.

NY = The number of nodes in tie y direction: in
Figure 19, NY = 7.

NZ = The number of nodes in the z direction: in
Figure 19, NZ = 5.

NXEND = The number of nodes in the x direction in
each of the two variable x spacing regions .
The spacing is determined by X-EXPAND
and the fractional length by X-PART.  In
Figure 19, NXEND = 4. Depending on wheth-

er NX is odd or even , NX END can have a
maximum value of either (NX +1)/2 or NX/2,
respectively, unless the special option dis-
cussed in X-PART is used . The remaining
middle x region (if any) is uniformly spaced .

NYEND = The number of nodes in the y direction in the
variable y spacing region. Spacing is deter-
m ined by Y-EXPAND and the fractional  length
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by Y-P .ART . In Figure 19, NYE~ND = 4 .

NYEND can have a maximum value of NY.
The remaining y region (if any) is uni-
forml y spaced .

LY = 1 gives restraint in the y d irection only if
y = 0 (Yl = 0. 0).

X-EXPAND - Factor by which the x distance between ad-
jacent nodes changes outward to the ends for
each X-PART variable spacing region.
Same as described for the Line of Nodes
Description Card .

X-PAR T = Fractional part of the total x length of the
flat plate occupied by each of the ~raria-
ble x spacing regions .
Note : If X -PART = 0 . 0 , the entire spacing
in the x dire ction is uniform . If X -PAR T =

1. 0 and NXEND = NX , the spacin g on the
positive x direction is variable for entire x
length (Xi to XN)

Y-EXPAND = Factor by which the y distance between ad-
jacent nodes changes in the increasing y
direction for the Y-PABT variable spacing
region.

Y - PART = Fractional part of the total y length of the
flat plate occupied by the variable y spacing
regio n.

Z-EXPAND = Facto r by which the z distance between ad-
jacent nodes changes in the decreasing z
direction from Zi to ZN .

L . . .~~~~~±. --_- .~~~~~~~~~~~~~~~
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• Fla te-P la te  Node Size Card (6F 10. 0) -

Xl = The minimum x coo rdinate of the plate shape
Yl = The minimum y coordinate of the plat e sha pe
Zi = The maximum z coordinate of the p lat e shape
XN = The maxim um x coordi nat e of the plat e shape
YN = The maximum y coordinate of the plat e shape
ZN = The minim um z coordinate of the p lat e shape

Sphere Shape Node Cards -- The cross-section of the bottom spherical
shape is identical to that shown for the rounded nose shape of Figure 18.
The top one-half cross-section is initiall y geometrically summetric to the
bottom . Only one-half of the top and bottom halves are generated, and re-
straint s are provided normal to the vertical plane of symmetry. The sphere
is gene rated with the nodes numbered as two rounded circular noses having
an int e rface between . The top nose is generated first; viewed from the
posi tive z direction , this generat ion is count erclockwise, upwards and inner
to outer . The bottom nose is generated with the interface included with each
spherical shell; this generation viewed from the positive z direction is counter-
clockwise , downwa rds and inn er t o out er . A summary of the number of nodes
i ncluded in the various shapes is given in Figure 20.

• Sphere Node Identification C ard (15) -

5 = Identificatio n number for sphere geometry.

• Sphere Node Description Card (2 15. 5X, 115, 3F10 0)-

NOR = Outer node ring number .

NIR = Inner node ring number ,

IlIAD = ( 0 gives 110, RI , ZCG input option for un i fo rm  spacing .
1 gives RT(t ), ZCG input option (I = NIR .

~~NOR).
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NUMBER ROD • NOSE SPHERE

R I N G S  PEi~
°
~~~NE P

E
~~~~R NODES ELEMENTS \JODIS I~I~MENT S

0 
- - 

I - .

1 6 12 6 12 iS 24

2 15 48 30 96 75 192

3 28 108 84 324 196 648

4 45 192 180 768 - 405 1536

5 66 300 330 l500 126 3000

6 91 432 546 2592 1183 
- 

5184
7 120 588 840 4116 1800 8232
8 153 768 1224 6144 2601 1~288

9 190 972 1710 8748 3610 11496

10 231 1200 2310 12000 4851 24000

11 276 1452 3036 15972 1 6348 31944
12 325 1728 3900 20736 8125 41472

13 378 2028 4914 26364 10206 52728

14 435 2352 6090 32928 12615 65856

15 4% 2700 I 7440 40500 - 
15376 I 81000

16 561 3072 8976 49152 185 13 98304

ONL Y ONE-HALF GENERATED

DOES NOT INCLUDE NODES AT ROD IN TERFACE

Figure 20 . Su m mary of Nodes and Element s in Variou s Shapes
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RU . = Radius of outer node ring .

RI = Radius of inner node ring.

ZCG = The z coordinate of the center of the sphere.

• Sphere Node Radi i  C ard(s) for IRA D = 1 (8F 10. 0) -

RT(I ) = Radii  for each node ring, I = NIR , NOR .
A rray RT is currently dimensioned for a
maximum outer ring number of 16 (NOR.
LE . 16).

1 Note: If NIH = 0, then RT(0) internally set
to 0 and 1=  1, NOR.

c. Input Data for Element Geometry

A summary of input data for element geometry is given in Figure 15 . Ele-
ments may be input as a series of individual or compo site elements and/or
special shapes of rods , nose geometries , flat plates, and/ or spheres . The

elements must be assembled in a manner consistent with the previously gen-
erated nodal geometry. There is no limit to the number of shapes included
for the projectile or the target .

Series of Composite Elements Card - - Element cards for each Series of
Composite Elements are supplied as needed by the u ser . Fo r this
discussion it will be assumed that the elements are entered as a series of
composite brick elements , each containing six individual elements as shown
in F igure 21 . Following this immediate discussion will he an example and
instructions for generating a series of individual elements .

• Series of Composite Elements Description Card (12)~~ -

1 = Identification nu mber for a series of composite
elements .
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NCOMP = Number of composite elements in the series.

MATL = M aterial number (1 , 2 , 3 , 4 , or 5) of the
elements. If left blank , the material number

from the previous eleme nt da ta card will be

used .

N 1-N8 = Node numbers of the first composite bri ck

• element as shown in F igure 21.. Nodes Ni ,

N2 , N3 , N.4 and nodes N5 , N6 , N7 , N8 are
- counterclockwise when looking fro m Ni  to

\5.

INC = The node number increment added to the node
numbers of the previous composite brick ele-
ment for the next composite brick element.

An example of input dat a for composite brick element s is shown in Figure 22 .
I n the upper left it can be seen that there are four rows of nodes (1 to 4, 5 to

8, 9 to 12 , 13 to 16) which are arranged to contain three composite brick
elements. If the first element is numbered 1, then the first composite brick

contains eiement s 1 to 6 , the second contains 7 to 12, and the third contains
13 to 18. The firs t composit e b r ick is defi ned by nodes N i = 1, N2 = 5, N3 =

9, N4 = 13, N5 = 2 , N6 = 6 , N7 = 10, and N8 = 14. Note that Ni to N4 and N5

to N8 are counter-clockwise when looking from Ni to N5 . The six individual
elements are generated according to the arrangement and order (A , B, C, D,
E, F) shown in Figure 21. The node numbers for each successive brick are

simply INC = 1 greater than those of previous brick , For the second brick for
instance, Ni = 1 + 1 = 2 , N2 = 5 + 1 = 6 , N 3 = 9 + 1 = 10, N 4 13 + 1 = 14,
N 5 = 2 + 1 3, N6 6 + 1 7 , N7 = 10 + 1 11, and N8 l 4 + 1 15 .

It is possible to generate a series of individual tetrahedron elements by letting
Ni to N4 be the nodes of the first element, where Ni , N2 , and N3 are counter-

clockwise whe n viewed from N4 . This optio n is exercised when N5 to N8 are
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lef t blank . It is also possible to generate a series of composite wedge ele-
ment s, each containing three individual tet rahedron elements . The three
elements in a composite wedge element are numbered consecutively. If N2
and N6 are lef t bla nk , the f i rs t  three tetrahedron elements (A , B, C) are de-
fi ned by nodes Ni , N3 , N4, N5 , N7 and N8 as shown in Figure 21 . Likewise ,
if N4 and N8 are left blank , the first three element s (D, E, F) are defined by
nodes Ni, N2 , N3, N5, N6 , and N7 .

Rod Shape Element Cards -- Element s are generated for the rod shapes illus-
trated in Figure 17 and described by the Rod Shape Node Cards. The elements
are numbered consecutively and are generated in layers of composite brick
element s beginning wit h top laye r 1 and ending at bottom layer NLA Y. The
ent ire first layer of element s is generat ed before the second layer, etc ., and
the composite brick element s of each layer are generated in a counterclock-
wise manner for each ring of elements from the inne r to the outer ring.

• Rod Element Identification Card (15) -

2 = Identificatio n number for rod geometry.

• Rod Element Description Card (6 15)-

NOER = Outer element ring number.

NIER Inner element ring numbe r.

NLA Y = The number of layers of elements in the rod.
The total number of elements in a rod shape
shown in Figure 17 is dependent on the num-
ber of layers and the number elements per
layer . The number elements per layer is de-
pendent on the inner and outer element ring
numbers. ¶ For example: If NLAY 10,
NI ER = 2 and NOER = 5, the total number of
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elements can be determined through use of
Figure 20 . The number of elements per
layer for the solid rod of NOER = 5 is 300 ,
and of N IE R = 2 is 48. Therefore the total
of elements for the hollow cylinder is 10.
(300-48) = 2520]

Ni = The number of the lowest numbered rod node.
For the solid rod , this is the cente rline node
on the top end of the rod . For the hollow rod ,
this is tf~ innermost clockwise node on the

top end of the rod when viewed from the top.

o gives MATL input option. Material num-

ber of all element rings uniformly set to
MATL.

IMAT =

1 gives M(I) input option (I = NIER , NOER).
Material numbers for each element ring must
be input.

MATL = Material number (1 . 2 , 3, 4 or 5) of the uni-
form material rod .

• Rod Element Card for IMAT = 1 (1615) -

M(I) = Material number for each element ring, I =

NIER , NOER. Array M is currently dimen-
sioned for a maximum oute r ring number of
16 (NOER . LE, 16).

Nose Element Cards - - Elements are generated for the nose shapes illustrated
in Figure 18 and described by the Nose Shape Node Cards. The elements are
numbered consecutively and are generated in shells of composite brick ele-
ments beginning with the innermost shell and ending with the outermost shell.
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The entire first shell  of elements is generated before the second shell , etc. ,
and the composite brick elements of each shell are generated in a counter-
clockwise manner for each ring of elements from the top to the botto m of
each shell .

• Nose Element Identif ication C ard (15) -

3 Identification number for nose geometry.

• Nose Element Description Card (2 15, 5X. 315)-

NOER = Outer element ring number .

NIER = Inner element ring number.

Ni = The number of the lowest numbered nose
node. (The nose does not include interface
nodes.)

0 giv~es MATL input option . Material num-
ber of all element rings unifo rmly set to
MATL .

tM AT =

1 gives M(I) input option (I = NIER, NOER).

Material number for each element ring must
be input.

MATL = Material number (1, 2, 3, 4, or 5) of the uni-
form material nose.

• Nose Element Material Card for IMAT = 1 (16 15)-

M(I) = Material number for each element ring, I =

NIER, NOER . A rray M is currently dixnen-
sioned for a maximum oute r ring number of
16(NO ER. LE. 16).
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Fiat- Plate Shape Element Cards -- The elements are generated for the flat-
plate illustrated in Figure 19 and described by the Fla t - Plate Shape Node
C ards , The elements are numbered consecutivel y and are gene rated in rows
of composite brick elements . The rows of elements go in the direction of
the increasing x axis. Each row of elements is to the positive y d irect ion of
the preceding row . Afte r a layer is complete , the next lower l ayer is g one r --
ated i n a similar manner .

• Flat-Plate Element Identi fi~cption Card ( 15)

4 = Identification number for flat-plate geometry.

• Flat- Plate Element Description Card (415, 5X, 15)-

NLX = Number of layers of composite brick elements
in the x direction The total number of nodes
along the x direction must be NLX + 1. In
Figure 19 , NLX = 12.

NLY = Number of layers of composite brick elements
in the y direction. The total nu mber of nodes
along the y direction must be NLY + 1 .  In

Figure 19 , NLY 6.

NLZ = Number of layers of composite brick elements
in the z direction. In Figure 19 , NLZ = 4

Ni = The node number of the corner node shown
in Figure 19.

MATL = Material number (1, 2, 3, 4 or 5) of the flat-
plate .

Sphere Shape Element Cards - - Elements are generated for a sphere , the bot-
tom half cross section of which is identical to the rounded nose shown in Fig-
ure 18 and described by tl~ Sphere Shape Nose Cards. When viewed from the

82 

-. -~~-,~~~~~~-. -~~~~.-~~~~~~-- - . --—---- .----



~1

top, the elements are consecutively numbered counterclockwise , upwards  and
outwards for the top one-hal.f and then counterclockwise, downwards and out-
wards for the bottom one-half .

• Sphere Element Identificatio n Card (15)-

5 Identification number for sphere shape.

• sphere Element Description Card (215, 5X, 315)-

NOER Oute r element ring number .

NIER = Inner element ring number .

Ni = The number of the lowest numbered sphere
node

0 gives MATL inpu t option. Material nu m-
ber of all element rings uniformly set to
MATL .

IM AT =

1 gives M(1) input option (I NIER , NOEB).

Material number for each element ring must
be input.

MA TL = M aterial number (1, 2 , 3, 4 or 5) of the uni-
form material sphere .

• Sphere Element Material Card for IMAT = 1 ( 1615)-

MU ) = Material number for each element ring , 1 =

NIER , NOER . A rray M ~8 Currentl y dimen-
sioned for a maximum outer ring number of
16 (NOER. LE. 16).
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d. Sample Input Data for the Preprocessor

Input data for a typical proble m in volving obliq ue im pact of a copper rod
onto a steel plat e are given in Section V.

2 . INPUT DATA FOR THE MAIN ROUTINE

The function of the Main Routine is to perform the computations . The Main
Routine reads initial conditio ns from the restart tape which must be generated
from a Preprocessor run or a previous Main Routine run. The descriptions
which follow are for the data in Figure 23 . Consistent units must be used .

• Description Card - A description of the problem provided by
the user .

• Identification Card (315. 5X. F l O.  0) -

CASE = Case number for run identificatio n

CYCLE = The cycle number  at which the resta rt occurs .
The cycle numbers for which res tar t files are
written are given in the printed output of the
previous run . (Preprocessor or Main Routine)

0 gives no applied pressures read or applied

• 1 will use the pressure data which was input
IPRES = in a previous run .

2 will read applied pressures to be used in
subsequent computations .



-

DE SC R IPT ION CARD IlAb~
DESCR I PTION OF PROBLEM 

— 

~1IDENT I F CATION CARD 315 . YX , 10 .0. IN . ~

[ç~ sE JCYCL EJ I P RES J~~~ .J CPFMX J EMAX 
1

INTEGRATION TIM E INCREMENT CARD )RFIO 0F

L D IRtAX D TMI \ 5SF TMA X 
F 1

PRESSUR E CARDS FOR IPRES • 2 - AS REQUI RED U~ ’ P10 .0)

~ELE1 I LLiN I ~~ 
N l~~ NN j FtOT~:EI PRE5 ~~~~~~~~~~~~~~~

BLANK CARD I NC LUDED ONL Y FOR IPRES 2

TIME - PRESSURE CARDS FOR IPRES . 2 - AS REQUIRED )2F10.0I

PT I M E 0 
~~~~~~~~~~~~~ ~1

BLANK CARD INCLUDED ONLY FOR IPRE S

DATA OUTPUT CARD S - AS REQUIRED QPIO .0. 15 1

TI ME [CHE CK j I5AV E~~~~~
’
~~~~~~ .” 1

I~~
IANK CARi~~~~

BLX ’ ,K ~U~ C

Figure 23. Main Routine Input Data

85 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



~~.1~~~

CPMAX = Central Processor time (hours ) at which the
results wil l  be written onto the restart tape
and the run will  stop. This feature will  be
bypassed if CPMAX = 0.

EMAX = The upper l imi t  for total kinetic energy if
applied pres sures are included (IPR ES r or
2) .  This is used for numerical  ins tabi l i ty
checks . Run will stop if the kinetic energy
ex ceeds E M A X . Leave blank if there are no
applied pressures .

• Integration Time Increment Card (4F10. 0)-

DTMAX = The maximum integration time increment
which will be used for the equations of mo-
tion. If ~st fro m Equation (54) is greate r than
DTMAX , it will be redefined as ~ t = DThIAX .

DTM IN = The minimum integration time increment al-
lowed . If ~st from Equation (54) is less than
DTMIN , the results wil l  be written onto the
res tar t t ape , and the run will stop.

SSF = The fraction of the sound speed transit time

used for the integration time increment . This
is identical to C~ in Equation (54) and must be
less than unity.

TMAX = The maximum time the problem is allowed to

run . This time refers to the dynamic response
of the system. not the central processor time
(CPM AX) described in the Identification Card .

The results at time = Th-IAX are writte n onto
the res tar t  tape , aria the run i~ discontinued.
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• Pressure Cards for IPRES = 2 (6I5~ F 1O .0) These cards

describe t he applied pressures and the elements to which

they are appl led. I f other pre’s&uire~ were u~~ d prE ’lo~~ lv ,

they are all deleted . and the m l  app li ed pressu t’es which

act are those which are input in the current run . End with

a blank card .

ELE 1 = The first element , in a series of elements, I -
to which pressure is applied . Must not be
less than ELE 1 or ELEN from a previous - -

Pressure Card .

ELEN The last element in series of elements.

Cannot be less than ELE1. I -

ELE INC = The element nu mber increment between
ELE1 and ELEN . If ELE1 = 100, ELEN
120 and ELE INC 5, then pressures are

applied to elements 100, 105 , 110, 120.

Ni = The node number opposite the triangular
face of element ELE 1 to which the pressure

is applied .

NN The node number opposite the triangular

face of element ELEN to which the pressure

is applied .

NODE = The node numbe r increment between Ni and
INC NN . For the elements described under ELE

INC (100 , 105 , 110, 115. 120), if Ni = 200 ,

NN = 208 and NODE INC = 2 , then the pres-

sures are applied to the triangular faces op-

posite nodes , 200 , 202 , 204 , 206 , 208 , of

elements 100, 105 , 110 , 115 , 120.

PIlES = The pressures which are applied to the trian-

gular f aces of the elements described on this

card (force/area) .

L.. ____ 
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• Time-Pressure Cards for IPRES = 2 (2F10. 0) - These cards
allow the applied pressures to be varied as a function of time
A minimum of two cards must be used which span the time
from the beginning of the run to TMAX. Program currently
dimensioned for a maximum of 50 cards. End with a blank
card .

PTIME = The time corresponding to P( T). Cards
must be input in orde r of increasing
time .

P(T) = The factor by whi ch all pressures are multi-
plied at the corresponding time. Equal to
Ft in Equations (48) to (50) . Intermediate
values are linearly interpolated between
values at specified times .

• Data Output Cards (2F 10. 0. 15) - These cards are used to
specify various forms of output data at selected times , and
the last card must be for a time greate r than TMAX . even
though output will not be provided for that specific time . Re-
call that output is automatically provided at T\IAX and a data
output card need not be provided for this t ime . End run  with
two blank cards.

TIME Time at which outpu t will be provided .

ECH ECK ’ A code which governs the printed output. Two
options are provided

(1) If ECHEC K 4 s greater than 1000 , the in-
dividual node and element data will not be
printed . Only system data such as centers
of gravity, energies , momenta , and net
velocities are provided for the projectile ,
target , and total system .

88

- .~~~~~~~~~~~~~~~~~~~~~~~~
. - —~~~~~- - -. ---.~~~~~~~ --~~~~ -~~~~~

—- -- —., . _ _ _ _ _



(2) If ECHECK is less than i000 , the sys-
tern data and individual node data will
be printed . Individual element data will

• be printed for all elements which have
an equivalent plastic strain ~ Equation
(3 9)~ equal to or greater than ECHEC K .
For example , if ECH ECK = 0, all ele-
ment data will be printed . If ECHEC K =

0 . 5, only those elements with equiva-
lent plastic strains equal to or greater
than 0. 5 will have data printed . If
EC HECK = 999 , no element data will
be printed .

Note~ There are some instances when data
are printed even though not specified
with a data output card . If the minimum
time increment, DTMIN , is violated , or
the specified central processor time ,
CPMAX , is exceeded or the maximum
ru n t ime , TMAX, is achieved , the re-
sults are written on the restart tape,
The value of ECHECK used for the
printed output is that value which is on
the following data output card

ISAVE 
{ 

0 will not write results on the resta rt tape.
1 will write results on the-. restart tape.

3. INPUT DATA FOR THE POSTPROCESSOR

The function of the Postprocessor is to provide plots of the results in the

form of geometry and velocity vectors. The Postprocessor reads data
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from the restart tape which must be generated by a Preprocessor run or a
Main Routine run . The descriptions which follow are for the data in Figure
24. Each plot requi res a Plot Identification Card and a Plot Limit s Card.
The three-dimensional plots also require a 3D Perspective Card . The data
must be input in groups of two (2D plots) or three (3D plots ) cards and the
requested cycle numbers must be equa l or greater than the previousl y re-
quested cycle number . Consistent units must be used . End with a blank
card.

• Plot Identification Card (315, 5X, FlO.  0, 5A6) -

TYPE 1 gives a geometry plot
( 2 gives a velocity vector plot

VIEW = A code to specify the view requested . Op-
tions are given in F igure 26 .

CYCLE = The cycle number of the plot which is de-
sired . The cycle numbers of the d&ta
written on the restart tape are given in the
printed output of the Preprocessor and the
M91n Routine .

VSCALE = The velocity which will give a velocity vec-
tor which has a length of 1. 0 inch using the
scale of the plot. Leave blank for Geometry
Plot.

TITLE = A titl e which is written on the plot

• Plot Limits Card (6F 10. 0) - This card specifies the portion of
the problem which is plotte d . Regions beyond those specified
are not plotted . For the two-dimensional plots , the vertical
axis is 10 inches tong and the horizontal axis is as specified.
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PLOT I D E N T I F I C A L I O N  CA R D I3 I~, SX FIl U . 5A6~

I TY PE~ V I[W ] CYCII~ J VSC A LE

PLOT LIMITS ( AId) Ui u 1~

[ XMA X XM IN YM.AX J YMIT . LMAX ZMIN 
~ 

-

3D PERSP CTIVE CARD FOR VIEW 4 (Ar ID U Ifti

[ XEYE YE V E ZETA UPLA ND YPLA FIE ZPLANE

A LAN K CA d )  ENDS RUN

VI EW - U Z PLOT
VIE W V Z PLO T

TYPE I G OM) T ,IY PLOT VIEW 3 X Y PLOT
TYPE 2 V ELOCITY PLOT VIEW 4 3D PERSPECTIVE PLOT

Figure 24. Postprocessor Input Data
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The length of the horizontal axis will va ry since it has the
same scale as the vertical axis. The vertical axes are the
z axis (VIEW = 1 and 2) and the y axis (VIEW = 3). For the
three-dimensional plots , the axes are scaled such that the
entire region is included within the 10- inch vertical axis.

XIVIAX = The maximum x coordinate included in the
plot (length)

XMIN The minimum x coordinate included in the
plot

YMAX The maximum y coordinate included in the
plot

YMIN = The minimum y coordinate included in the
plot

ZMAX = The maximum z coordinate included in the
plot

ZMIN The minimum z coordinate included in the
plot -

• 3D Perspe ctive Card for VIEW = 4 (6F 10. 0. 15) -

This card is included only for the 3D plots.

XEYE

YEYE = ~ Coordinates of the observe r (length)

ZEYE

XPLANE Coordinates included in the plane on which
YPLANE = ~ the results are plotted . The plane is nor-
ZPLANE =J mal to a line from XEYE , YEYE , ZEYE to

XPLANE , YPLANE , ZPLANE.

0 will plot all free surfaces (no hidden lines)
LI-TIDE 1 will plot only surfaces which are visible to

the observer
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4. (iUTPUT DATA

The output data are generally described using the terminology of this report.
A summary of the printed output for a Preprocessor run follows:

• All input data are printed exactly as read .

• Material data are printed for the input data.

• All the geometric input data are printed in a fo rm similar
to that used to read the data.

• For each node , the initial coordinates, mass
are printed if IPRIN T = 1 on the Identification Card. The
slave nodes are identified by adding “1” before the XYZ re-
straint. If the XYZ restraint is 100, the node is restrained
in the x direction. If the XYZ restraint is 1100, it is a slave
node with the same restraint.

• For each element , the four nodes , volume, and material num-
ber are printed if IPRINT = 1.

• A summary of the geometry, bandwidth requirements, mass
distributions, and initial dynamic cond itions is provided.
Note: The node and element block sizes must always be equal
to those used in the Preprocessor . The number of node
blocks can be varied , however , provided there are at least
as many as specified under the bandwidth requirements.

• A summary of system data is provided to give centers of
gravity, energies , momenta, and net velocities for the ini-

tial condition .

For a Main Routine run , the printed output data conforms to the following:

• All input data are printed exactly as read .
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• Pressure data are printe~1 in a form similar to that used to
read the data

• For each integration time increment , selected data are printed .
These consist of cycle number (CYCLE), the time ( TIME), the
integration time increment for the next cycle (DTN EXT), the
element number which governs the time Increment (ECRIT) ,
and the total kinetic energy in the system (TOTAL K. E. )
If ECRIT = 0 the integration time increment determined from
Equatio n (54) is either greater than DTMAX, or greater than
1. 1 times the integration time increment for the previous
cycle.

• Node data are printed at the selected times specified on the
Data Output Cards if ECHEC K is less than 1000. These data
include the node number (NODE), the coordinates (X , Y , Z),
the velocities (XDO T, YDOT , ZDOT) and the accelerations
(XDD , YDD , ZDD). If a slave node is in contact with the mas-
ter surface , or if a master node is affected by a slave node ,
then the printed accelerations are not correct for these nodes .

• Element data may be printed at the selected times specified
on the Data Output Cards if ECHEC K is less than 1000. Only
those elements with an equivalent plastic strain equal to or
greater than ECHECK will have their data printed . These data
include the element nu mber (ELE), the volumetric strain
(DVOL) , the equivalent plastic strain (EPEAR) of Equation
(39). the Von Mises equivalent stress (VMISES) of Equation
(31), the normal deviator stresses (SX , SY , SZ) of Equations
(19)to (21), the shear stresses (SXY , SXZ , SYZ) of Equa-
tions (22 )to (24), the net pressure (P + Q) containing both the
hydrostatic pressure of Equation (42) and the artificial vis-
cosity of Equation (45), and the temperature (TEMP) of

Equatio n (41).
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• A summary of system data is printed at the selected times
specified on the Data Output Cards . Included are centers
of gravity , energies , momenta , and net velocities.

For the Postprocessor , all input data are printed exactly as read .

5. INSTRUCTIONS FOR CH A NGING PROGRA M DIMENSIONS

It may sometimes be desirable to change the dimens ions of the program .
The user should review Section III to understand the data structure of the
program.

To change the size of the node blocks , the following changes are required:

• Set NBSIZE to the node block size in the data statements in
the Preprocessor (PREP), Main Routine (MAIN), and Post-
processor (POST). This must be consistent with the dimen-
sion of the COMMON / NODE/arrays (X . .  . MASTER) , and th c~
number of node blocks in core , such that

NBSIZE = NASIZE/NEAND
whe re NBAND is the number of node blocks in core and
NASIZE is the dimension of the COMMON/NODE/arrays.
NBAND and NASIZE can also be altered in the same data
statements.

• Dimension INBUFW to (NBSIZE + 2) and RNBUFW to
(11.NBSIZE) in COMMON/NBUFW/ .

• Dimens ion INBUFR to (NBSIZE + 2) and RNBUFR to
(11.NBSIZE) in COMMON/NBUFR/ .

• Note : The node block size cannot be changed during the
course of a run .
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To change the size of the node arrays , the following changes are required:

• Dimension the COMMON/NODE/array s (X. . .  MASTER) - 
-

to the desired size .

• Set NASIZE to the dimensions of the node arrays in the data
statements in the Preprocesso r (PR EP), Main Routine
(MAIN), and Postprocessor (POST). Recall that

NASIZE = NBSIZE • NBAND
for consistency with the node block sizes.

• Note : The node array siz e (NASIZE) can be changed du ring
the course of a run provided the node block size (NBSIZE)
does not change.

• Note: Program is currently limited to 100 node blocks
(NBAND = 100). It can be increased by changing dimensions
of NBTBLE and ISLIDE in COMMON/BOOKKp/,

~l’o change the size of the element block , the following changes are requireth

• Set LBSIZE to the element block siz e in the data statements
in the Preprocessor (PREP) , Main Routine (MAIN ) and Post-
processor (POST).

• Dimension the COMMON/ELEMENT/arrays (NODE 1.,, .
PRES4) to the element block size (LBSIZE)

• Dimension IEBUFW to (6.LBSIZE + 2 )  and REBUFW to
(15.LBSIZE) in COMMON/EBUFW/.

• Dimension IEBUFR to (6.LI3SIZE +2) and REBUFW to
(15•LB5IZE) in COMMON/EBIJFR/.
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• Note: The element block size (LESIZE) cannot be changed
during the course of a run

6 . FILE DESIGNATIONS

The files are define d in the data statements in the Preprocessor (PREP) ,
Main Routine (MAIN) and Postprocessor (POST). The current designations
and descript ions are:

NFILER 1 One of two internal node files

NFILEW 2 One of two inte rnal node files

LFILER 3 One of two internal element files

LFILEW = 4 One of two internal element files

IN = 5 Input file

lOUT = 6 Output file

ISFILE = 8 Internal sliding surface file

ITA PIN = 9 Restart tape read by MAIN and POST

[TA POT = 10 Restart tape generated by PREP and MAIN

ITRIAN = 11 Triangle data record generated by POST

[TEM P = 12 Scratch file used by POST

7. CENTRA L PROCESSOR TIME~ ESTIMATES

For various problems run on a CDC 6600 computer, the EPIC-3 Main Rou-
tine has used from 0. 006 to 0. 009 central processor second per cycle
per node .
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SECTION V
EXAMPLES

Seve ral examples have been run to verif y and demonstrate the capability of
the EPIC-3 code. Two wave propagation solutions are shown in Figure 25.
The water column example is for impact onto a rigid boundary at 300 meters!
second (Mach = 0. 2) . The dimensionless pressure is defined as P’~ = P/~~C vwhere P, o

~
, C and V0 represent the pressure, initial density, acousitic

velocity, and impact velocity., The pressure is shown at a time short ly be-
fore the wave reaches the far end of the column. It can be seen that the
numerical EPIC-3 solution agrees with the analytic solution , p’s = 1. 4 (Ref-
erence 7) along the lengt h of the column with only slight differences occurring
along the leading edge of the wave ,

The other wave propagation example in Figure 25 shows two aluminum bars
impacting at 800 meters/second. This example shows the effect of material
strengt h with a hi gher velocity elastic wave at the leading edge of the shock
front and the elastic unloading at the rear , This solution is in good general
agreement with that presented in Refe rence 8.

The next examples demonstrat e the capability to represent plastic flow .
Figure 26 shows the results of a steel cylinder striking a rigid frictionless
surface at impact velocities of 252 and 402 meters/second. These problems
were selected since the final lengths could be compared to test data and HEMP
simulations in Reference 9. Using a dynamic yield strength of 1.2  gigi-pascal,
the computed results are in good agreement with those reported in Reference
9.

The final lengths for the 252 -meter/second impact are 0. 842L°, 0. 842 L°,
0. 854L° for the test results, HEMP computationa l result s and EPIC-3 results
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Figure 25. Wave Propagation Examples
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STEEL CYLINDER 
L0 
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FINAL 
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MODEL 

252 INS IMPACT 

f'igure 26. Normal Impact of a Steel Cylinder onto a Rigid 
Surface at Velocities of 252 and 402 meters I second 
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respect ivel y. For the 402- meter/ second impact , the fi nal length s are
0 0 . . 0  - .  -0 . 635L 0 . 667L , 0. b93L . Si.nce these problems are ax lsvmrnet r ic , the

nodal displace ments , veloci ties, and accelerations alon g various radii can he
checked for symmet ry . For both cases , these parameters are absolutely
sym metrical with respect to the f ive-place accuracy of the printed output .

The next example involves a much hi gher impact ~‘eloci ty which result s in
severe  dis tortions and material fai lure . Fi g ure 27 shows t he result s of a
copper rod striking a steel pla te at 2000 meters/ second . The copper is as-
sumed to have a y ield strength of 0 . 14 gi gi-pascal and an ultimate strength
of 0 . 45 gigi-pascal. Likewise, the steel has yield and ultimate strength s of
1.10 gigi-pascal and 1. 40 gigi-pascal. This problem also requires the ca-
pability to represent fail ure of the copper and steel . The coppe r is assumed
to fail completely at an equivalent plastic strain of = 2 . 0 . Since this strain
is a true or logrithmic strain ,it represents a very severe distortion . If an
elem ent fails completely, it cannot develop any stresses or pressures.  The
element essentially disappears except the mass is retained at the nodes .
These element s do not affect the integration time increments and they may
eve n have negative volumes and altitude s.

The failure in the steel pla te is assumed to occur at = 0. 7 . This material
is all owed to fail only in shear and tension such that a positive hy drosta tic
pressure capability remains. The net effect is that this failed material be-
have s like a liquid . The complete failure of the rod element s cannot be
applied t o elements containing master nodes since the master surface must
remain intact to keep the slave nodes from passing through . It should be
emphasized that the objectives of this work do not include defining accurate
material descriptions for these dynamic conditions. This will be a signifi-
cant area of research during the next few years . By using these approximate
values, h owever , the capability of code can be demonstrated.

The geometry and finite element model are shown in the lower left corner of
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2000 MiS

~~~~~~~~~~~~~~~

0Pj R

StEEL PLATE REMOVED AF TER 35ps

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

120

200 psINIT IAL GEOMETRy 
~~~~~~~~

ROD LENGTH • 12.45 CM
ROD DIAMET ER - 2. 54 CM
PLA tE TH IcKNEsS 0.95 CM
IMPA C T ANG LE . 7r14 RAD

Figure 2 7. Oblique Impact of a Coppe r Rod onto a SteelPlate at 2000 meters/second
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Figure 27 . Only half the problem about the plane of symmetry is included in

the model, which contains 2184 nodes and 8568 elements. This will  be disig-

nated as the coarse-grid model for subsequent discussions regarding com-

puter requirements.

The deformed geometry at the plane of symmetry is shown at several
instances after impact. At 10 microseconds the nose of the rod is beginning
to jet outward and at 20 microseconds many of the elements have failed
completely. The dots represent concentrated masses at nodes whose
associated elements have completely failed. At 35 microseconds the rod
has shortened significant ly and the plate is removed from the simulation
at this tim e. It can be seen that the rod continues to deform between 35 and
120 microseconds. Thereaf ter , the remainder of the rod travels in
essent ia l ly a straight line at a slightly reduced velocity of about 1950
meters/second.

Since three-dimensional computations can require significant computer
time, and s ince the computer tim e is dependent on the finit e element model,
a brief discussion of this area is appropriat e. The coarse-grid model of
Figure 27 has nodal radial spacing equal to one-third the radius and the
plate has nodal vertical spacing equal to one -third the thickness of the
plate . A fine-grid model was also generated which had reduced nodal spac-
ing equal to about three-fifths that of the coarse grid model . The radial
spacing in the rod is one -fift h the radius and the vertical spacing in the
plate is one-fifth the thickness. The number of nodes and element s required
for the fine grid is increased dramatically to 8784 nodes and 40, 400 elements.
Generally, the increase in nodes and element s is inversely proportional to
the cub e of the spacing, or about (5/ 3) 3 in addition, more integration cy
d e s  are required since the sound speed transit times in the element s are
decreased . Therefore, it would be expected that the computer time re-
quired for the fine-grid model would be about ( 5/ 3 ) 4 or 7. 7 times that
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required for the coarse-grid model . It should also be noted that the
coarse-grid model can contain all nodes in core with a computer memory
of about 66K , thus eliminating the need to buffer noda l data between disk
files and cent ral memory. The fine-grid model requires slightly less than
66K to contain a bandwidth of data , so the disk files must therefore be used
unless the memory is significantly expanded .

A comparison of various parameters for the fine - and coarse-grid models
is shown in Figure 28. The f i n e - gr i d  model was only run to 18.7
microseconds since it required much more computer time . The top of
Figure 28 shows the penetration into the plate is approximately equal
for both models, with the coarse-grid plate being slightly stiffer and
therefore allowing less penetration. The center portion of the same Figure
shows the loss of momenta and kinetic energy of the coppe r rod . It can be
seen that there is excellent agreement for the kinetic energy and the hori-
zontal momenta , but the inc reased plate resistance of the coarse-grid
model tends to decrease the vertical momentum of the rod more rapidly.
The final comparison shows the large increase in computer time required
for the fine-grid model. It can be seen that the fine -grid computation
required 12 . 5 hours of Central Processor time on a CDC 6600 computer
for 18. 7 microseconds, whe reas the coarse grid required only 3. 5 hours
for 35 microseconds.

Preprocessor input data for the coarse -grid problem are given in Figure
29 . Consistent pound-inch-second unit s are used for all input . Cards 1 and
2 represent the Description Card and Identification Card as described in
Figure 13, and Cards 3 through 24 represent the 22 Material Cards. Card
25 is the Projectile Scale / Shift/Rotate Card, and Cards 26 through 33 define
nodal geometry for two rod sections and the rounded nose geometry. Card
34 is a blank to end the Projectile Node Input , Card 35 is the Target Scale/
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Shift/Rotat e Card, and Cards 36 through 38 define the nodal geometry for
the flat plat e. Card 39 is blank to end the Target Node Input . The Projec-
tile elements are defined by one rod shape and one nose shape with Cards 40
through 43, and ended with blank Card 44 . Similarity, Cards 45 and 46
define the target plate e lements, ended with blank Card 47 . The sliding
surfaces are defined with Card 48 and ended with blank Card 49 . Finally,
the Initial Velocity Card is represented with Card 50 .

The coarse-grid problem used nodal arrays dimensioned at NASIZE = 2240
(see Section IV) . Since this problem had fewer  nodes (2184) it could be core
contained , eliminating the need for buffering the nodal data . The node and
element block sizes were NBSIZE LBSIZE = 64 for a total bandwidth capa-
city of NBAND = 35 node blocks. With these dimensions, the Main Routine
requires about 66K cent ral memory on the Eglin Ai r  Force Base 6600
computer. It should be noted that the required bandwidth for this problem
is on ly 11 blocks, so it would be possible to run this problem (with buffering)
using reduced nodal arrays dimensioned at NA SIZE = 704 . This is cons istent
with NBAND 11 and NBSIZE = 64.
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SAFLAR 1 USA Tr~AD0C SYS ANA ACT 1
HQ US AF/ RDQ RM 2 AFATL /DLY 2
HQ US AF/SAM I 1 AFATL/DLJW 14
HQ USAF/XOXFM 1 ASD/XRP 1
AFIS/INT 1 Orlando Tech, Inc 1
HQ AFSC/DLCA 1 Ohio State Univ 1
HQ AFSC/ IGFG 1 Honeywell Defense Sys Div 5
ASD/ENFEA 1 US Army Ba l l i s t i c  Rsch Lab
AFML/ LTM 1 DRDAR 5
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AFWL/SUL I ADTC /ADD 1
AUL/LSE 7 1—249 2 ADTC/ADDS 1
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HQ TAC/D RA ~ 
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HQ TAC/INAT I
6510 ABG/ SSD/STOP 238 1
HQ USAFE/DOQ 1
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Naval Wpns Eval Fac /WPflS Dept 1
AFWL /N SC 1
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